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Imaging of the anterior segment of the eye
by spectral optical coherence tomography
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Spectral optical coherence tomography (SOCT) is a new imaging modality competitive to the
well-known temporal optical coherence tomography (OCT) systems. This technique is based on
direct measurements of the spectral fringe pattern, obtained by interference of the light scattered
back from a tissue and the light reflected from a reference mirror. We present first tomographic
images of the cornea, anterior angle and iris obtained by SOCT. The advantages as well as the
artifacts of the method are discussed.

1. Introduction

The detection of the light scattered back from an object, illuminated by the light of
low temporal but high spatial coherence, is the basis of the optical coherence
tomography (OCT). During the last decade of the twentieth century OCT has been
developed and at present is an important diagnostic technique in medicine. The
success of OCT lies in the micron longitudinal resolution, high sensitivity, precision
and non-contact operation. The most advanced applications of OCT are in
ophthalmology, for example, in high-resolution imaging of the anterior chamber of
the eye [1] —3], in determining the thickness of a nerve fiber layer, in establishing
the topography of the optic disc [4] and in macular morphology [5] —{7] which are
the most desirable parameters for detection, quantification and monitoring of
macular degeneration and glaucoma. OCT has been proposed as an alternative
method for biometry, allowing to determine the intraocular distances more precisely
than ultrasounds. Recently, some studies has confirmed the high accuracy and
reproducibility of corneal thickness measurements performed with the use of OCT
[81—r11.

The more advanced application of OCT is the development of functional OCT.
It has been achieved due to spectroscopically sensitive techniques which enable us to
obtain the absorption spectrum of a tissue at the given depth. This piece of
information can be related to the hemoglobin concentration (total, oxyhemoglobin,
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deoxyhemoglobin) or to the concentration of external substances (e.g., eye drops)
possessing a strong absorption in this wavelength range. Therefore, such issues as
blood oxygenation in inaccessible tissues, e.g., in the fundus, or various problems of
pharmacokinetics can now be addressed. The first results of spectroscopically
sensitive OCT were reported in 2000 [12], [13]. OCT combined with the Doppler
phenomenon demonstrates the ability to quantitative blood flow imaging [14]. The
polarization sensitive OCT detects changes induced in the polarization state of light
which is reflected from a birefringent sample, such as muscle or retina, and enhances
contrast and specificity while identifying these structures.

There are several competitive techniques which provide tomographic sections of
the eye in vivo. The ultrasound biomicroscopy (UBM) uses ultrasound waves at the
frequency of 50—100 MHz providing the resolution ranging from 20 to 60 pm with
the penetration depth of approximately 4 mm [15]. The examination is performed in
real time. Because ultrasound penetrates also opaque media, shadowing of the
anterior chamber angle does not exist and good quality images of the anterior
segment together with the ciliary body and peripheral retina can be obtained
[16] —{19]. Magnetic resonance (MR) is the other technique which can be used for
the examination of the anterior segment in vivo. Although MR is a valuable tool in
a diagnosis of orbit diseases, the structures of the globe are reproduced rather
poorly. Employing special coils enables us to achieve the maximum resolution of
about 200 pm with an acquisition time of several minutes per sequence [20].

There are two implementations of OCT depending on the kind of used detectors:
historically the first one is the time domain OCT (TdOCT), where the detection is
time dependent, and the second one is SOCT developed later, where the signal is
detected as a function of optical frequencies. In SOCT the detection is realised by
a spectrometric system. It provides direct access to spectral and phase information,
what renders the spectral technique advantageous in comparison with temporal
OCT. While the TdOCT systems are used in clinical practice (commercially
available;: OCT 1,23 Carl Zeiss Ophthalmic Systems Inc’s Humphrey Div.), the
SOCT devices are still in the prototype phase. To our knowledge, images of the
cornea, anterior angle and iris have not been obtained by SOCT to date.

2. Material and methods

Anterior segment measurements were performed on three healthy volunteers, aged
25—33 years, without any previously reported eye or general disease. One subject
wore soft contact lenses because of small myopia.

SOCT images were generated by a system developed in the Institute of Physics,
Nicholas Copernicus University, Toruri, Poland. A detailed description of the
instrument and the method may be found elsewhere [21]. Briefly, the interferometer,
the main part of the SOCT instrument, is based on an open air Michelson
interferometer set-up (Fig.la) with a 50/50 cube beam splitter. A superluminescent
diode is a light source emitting at a wavelength of 810 nm with a 20 nm FWHM and
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Fig. 1 Fourier domain spectral OCT device, a — optical scheme (SLD — superluminescent diode,
BC — collimator, RM — reference mirror, BS — beam splitter, OL — objective lens, L2 — lens,
TS — transversal scanner, BE — beam expander, DG — diffraction grating, CL — camera objective,
CCD — camera); b —photography of the device during the measurement.

a maximal output power od 2 mW. An object arm of the interferometer is used both
for illuminating the eye and for collecting the reflected light. The information about
the distribution of reflecting layers in the object along an illuminating beam is
extracted from a spectral fringes pattern registered by a spectrometer consisting of
a diffraction grating (1800 grooves/mm) and a CCD camera. The detected signal is
digitalized and transferred to the personal computer (1 MHz sampling rate of 16 bit
AD conversion).

One dimensional A-scan profile of optical reflectivity vs. optical distance inside
the eye is created by the numerical Fourier transformation (FFT) of the spectral
fringes pattern. Time needed to register one spectral fringes profile is equal
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to 128 ps. The transfer time of 128 spectral fringes profiles between CCD and PC
takes 160 ms. The data are processed and visualized by a software written in
LabView.

The images of sections through the cornea, sclera, chamber angle and iris were
performed for each patient. The measurements were carried out in sitting position.
Neither topical application of anesthetics nor speculum insertion were necessary for
the examination. The aiming was done by observing a beam with an infrared
camera. In our system the probe spot was created by the lens (OL), focal length
/ =254 mm, mounted in front of the eye. An initial optical path difference was
achieved adjusting the patient’s head in a chin rest. The scanning mirror ensured
lateral beam positioning. Both the focal depth of the object lens and the spectral
resolution of the spectrometer determine the measurement range of the spectral
OCT device and in our instrument it is designed to be 1.5 mm. The size of the probe
spot determines the transversal resolution which is approximately Ax = 25 pm. The
optical power of the incident beam at the cornea is P = 23 pW (this value is
consistent with the PN-91/T-06700 recommended exposure limit for CW direct
beam viewing) [22].

On average, 5 to 10 images of each structure with different incident angles of
a sample beam were recorded and further examined.

3. Results

Figure 2 shows the image of the section of the human cornea in vivo taken without
(@), and with (b) a soft lens on top of it. The shape of air/cornea and air/contact lens
surfaces are sharply reproduced with the accuracy of tens micrometers. The contact
lens is optically transparent and homogenous, therefore no back reflected light is
registered from its inside. The cornea is transparent but due to its fibrous structure
light scatters at these fibers producing a weak background signal originating from
the stroma. The image shows an apparent internal structure of the cornea, namely
two stripes of enhances reflection at the upper and lower border of the cornea,

Fig. 2. SOCT cross-sectional images: a —human cornea in vivo, b — human cornea with a soft contact
lens on the surface in vivo.
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which may be attributed to corneal epithelium and Bowman membrane, as well as to
corneal endothelium and Descement membrane, respectively. Such structures were
observed by other authors [1] —{3]. More probable, however, is that this signal
originates from the strong reflection at the air/cornea interface due to the rapid
change of the refractive index. Indeed, when a soft contact lens was applied, the layer
of increased reflectivity at the anterior surface of the cornea disappeared together
with a false stripe at the anterior surface of the cornea.
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Fig. 3. SOCT of the central part of the human cornea: a —cross-sectional image, b — A-scan of the area
situated near the central reflex point

Figure 3a presents a cross-sectional image of the central part of the human
cornea in vivo. A characteristic vertical stripe indicating very high reflectivity at the
center of the cornea results from the fact that light beam direction of incidence
is exactly perpendicular to the corneal surface at that point. Therefore, close to
this point, the measurement of the corneal optical thickness, without any ad-
ditional corrections arising from refraction, is possible. In order to estimate the
corneal optical thickness, axial intensity distribution is taken from the place
situated near to the central reflex point (Fig. 3b). The estimated optical corneal
thickness at this point is d = 0.75 mm.

Figures 4a,b,c show tomographic images of the anterior chamber region of the
human eye in vivo taken with three different orientations of the eye with respect to
the direction of the probing beam. The irregular structure of collagen bundles
arranged in an irregular fashion makes the sclera opaque. The sclera scatters so
strongly that sensitivity of the detector has to be reduced. Under these conditions the
background from the inside of the cornea is not visible in the image. It seems that the
thin layer of lower reflectivity on the scleral surface corresponding to the conjunctiva
can be resolved but, as in the previous case, it might be confused with a strong
reflection on the air interface. Due to scleral nontransparency the structures laying
deeper, like pars plicata and pars plana of the ciliary body, could not be observed.
The place where an irregular structure of collagen fibers changes for a regular
corneal pattern is clearly visible (corneo-scleral junction). Although the basic
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morphology of the anterior chamber is evident on the OCT image, the accurate
evaluation of details of this angle is difficult. The peripheral part of the iris and the
apex of the anterior chamber angle are shadowed by the anteriorly located sclera.
This part of the angle plays an important role in the classification of the angle and in
estimating the risk of acute angle glaucoma. The second issue involves distortion of

Fig. 4. SOCT of the anterior chamber angle: a —incident beam is directed obliquely from the scleral side,
b — incident beam runs obliquely from the corneal side, c — incident beam is perpendicular to the
corneal surface.

the angle images as a result of corneal refraction which appears when the sample
beam is not perpendicular to the corneal surface. If the incident OCT beam is
directed obliquely from the scleral side, the angle is wider (Fig. 4a). Apex of the angle
is more visible when the sample beam runs at an angle from the corneal side. In this
situation the angle seems narrower (Fig. 4b). For an accurate analysis of the anterior
chamber width the mathematical correction of this distortion is necessary.

Fig. 5. SOCT tomographic cross-section of the iris.

Figure 5 shows a tomographic section through the iris of the human eye in vivo.
The iris section, especially its pupil margin, is well reproduced. The iris root,



Imaging of the anterior segment of the eye... 587

a place where the iris is connected to the anterior part of the ciliary body,
is shadowed by the sclera and it is not imaged under these conditions.

Three distinct layers can be observed in the section. The most anterior layer of
intensive reflectivity may correspond to the anterior part of the iris stroma, which
has an irregular surface of trabeculaes and crypts. This structure is rich in pigment,
which is a highly scattering medium for light. The much lower reflectivity is typical
for the rest of the stroma. The most internal part of the iris is pigment epithelium
which consist of two layers of cells rich in melanin. On OCT images it appears as
a distinct layer of slightly increased reflectivity. Fibers of the pupil constrictor and
dilatator, as well as vascular vessels within iris stroma, are not revealed with this
technique.

4. Discussion

We have demonstrated the SOCT potential to perform ophthalmological tomo-
grams for humans in vivo. This technique makes it possible to obtain cross-sectional
images of structures in vivo with a spatial resolution less than 20 pm in relatively
short time, to decrease motion artifacts and increase the patient’s comfort.

SOCT produces sharp images of the anterior and posterior surface of the cornea
and can be used for an evaluation of the corneal optical thickness. However, reliable
measurements can be obtained only in the central region, where a sample beam
is perpendicular to the surface. In order to obtain real geometrical dimensions the
optical distances should be divided by the index of refraction. Moreover, for oblique
beam direction the resulting images are distorted and must be corrected for
refraction at the air-cornea interface. It is important for pachymetric evaluation of
the corneal thickness and even more crucial for the determination of anterior angle
geometry. Although the structure of the cornea is not revealed, its surface is well
reproduced. Therefore SOCT can be applied to an evaluation of a corneal shape and
structure after repeative surgery and penetrating keratoplasty, as well as to an
estimation of the quality of contact lens fitting and their influence on the corneal
metabolism. It can be also helpful in diagnosis of different corneal diseases and
degenerations.

The quality of presented images seems to be sufficient for diagnosis of iris tumors
and post traumatic changes of the anterior chamber and for an evaluation of
structural causes of different types of glaucoma such as angle closure glaucoma and
pupillary block glaucoma. This technique can be also useful in assessing the effect of
glaucoma surgery. However, for the latter, the OCT at longer wavelength (1310 nm)
would give more accurate results [3], [23].

In SOCT a direct contact between the probe and the globe is not required. The
examination is fast and not annoying for the patient. It is worth mentioning that no
special preparation or topical anesthesia is necessary.

However, there are two disadvantages of OCT. The first one is that in this
method we cannot obtain images through opaque media impairing visualization of
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the anterior chamber and ciliary body [1]—3], [23]. The second one is the
necessity of the correction for refraction if true geometrical distances are required.

The other existing methods such as UBM and MR have an essential advantage
of the ability to produce tomograms of opaque tissues. However, UBM requires
a direct contact between the probe and the globe surface through coupling medium.
The examination is always performed in supine position and requires topical
anesthesia. This entire procedure is highly unpleasant for the patient. Due to
a relatively low resolution and a high number of artifacts, the detection of lesions
smaller than 2 mm is very difficult in MR [24]. In spite of the fact that all the
structures of the anterior segment are visible, an accurate evaluation of the corneal
thickness or anterior chamber angle using the currently available MR systems
cannot be achieved in a routine examination.

We can conclude that SOCT is an important tool for an evaluation of the
anterior segment. The examination can be easy performed in a way convenient for
the patient. The list of possible applications is long and probably will be soon
extended thanks to new opportunities given by this technique.
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