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Abstract: We present a method to obtain accurate corneal topography from
a spectral optical coherence tomography (sOCT) system. The method
includes calibration of the device, compensation of the fan (or field)
distortion introduced by the scanning architecture, and image processing
analysis for volumetric data extraction, segmentation and fitting. We present
examples of three-dimensional (3-D) surface topography measurements on
spherical and aspheric lenses, as well as on 10 human corneas in vivo.
Results of sOCT surface topography (with and without fan-distortion
correction) were compared with non-contact profilometry (taken as
reference) on a spherical lens, and with non-contact profilometry and state-
of-the art commercial corneal topography instruments on aspheric lenses
and on subjects. Corneal elevation maps from all instruments were fitted by
quadric surfaces (as well as by tenth-order Zernike polynomials) using
custom routines. We found that the discrepancy in the estimated radius of
curvature from nominal values in artificial corneas decreased from 4.6%
(without fan distortion correction) to 1.6% (after fan distortion correction),
and the difference in the asphericity decreased from 130% to 5%. In human
corneas, the estimated corneal radius of curvature was not statistically
significantly different across instruments. However, a Bland-Altman
analysis showed consistent differences in the estimated asphericity and
corneal shape between sOCT topographies without fan distortion correction
and the rest of the measurements.
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1.

Introduction

Optical coherence tomography (OCT) has become a widespread tool in various fields of

m

edicine [1,2] particularly in ophthalmology, where its high resolution and non-invasiveness

has allowed multiple applications in the retina and anterior segment of the eye [3-9].
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However, the amount of quantitative information provided by anterior segment OCT is
typically limited to axial distances between consecutive layers i.e. corneal thickness [10,11],
anterior chamber depth [12,13] or anterior chamber angle [14], within the accuracy provided
by axial resolution and exact knowledge of the refractive index of the tissue. Although the use
of OCT as a pachymeter [15,16] and for optical biometry [17,18] is widespread, its capability
to produce surface elevation maps, and therefore to be used as a corneal topographer, has only
been limitedly exploited. Although several studies address the use of OCT to estimate corneal
power [19,20], only a few recent papers explore the accuracy and perform validations of
corneal topography and keratometry from OCT 3-dimensional imaging [8,21-23]. We have
recently reported accurate surface topography in vitro using time-domain OCT [24], and the
correction of optical distortion in anterior segment sOCT for quantitative 3-D imaging of the
internal structures of the eye [25], and have demonstrated a method that takes advantage of the
optical distortion in isolated crystalline lens sOCT images to reconstruct the 3-D gradient
index profile of the lens [26,27]. Research efforts, however, do not seem to have been fully
paralleled in commercial anterior segment OCT systems. For example, the latest release of a
widespread commercially available anterior segment OCT (Visante Omni, by Carl Zeiss) has
included a Placido ring topography for quantitative anterior corneal surface topography, rather
than estimating corneal elevation from the OCT data.

One of the limitations of the most typical configuration of OCT systems is the presence of
so-called fan (or field) distortion. The presence of this distortion in OCT was first reported by
Westphal et al. [28] for non telecentric scanner. In general, the effect is related to the scanning
architecture of most 3-D OCT systems [24,28-30], so that when imaging perfectly flat
surfaces they appear curved. This phenomenon can be described as a combination of at least
two possible effects: a) the architecture of the scanning system, which is primarily affected by
the spatial separation of the mirrors, and b) design, position and alignment of the collimating
lens in relation to the mirrors of the scanner. Therefore such images are not well represented
in a Cartesian system of coordinates (x, y, z), but rather in (X,c;, Voer» L), Where L is the optical
path along the ray and (x,.;, Voe;) are the angles (horizontal and vertical) of the scanner mirrors,
which can be explicitly associated to the coordinates (origin and directional cosines) of rays
entering the sample. This representation allows conversion from angular to spatial coordinates
following relatively simple calibration.

OCT systems are designed to detect usually faint back-scattered light from tissue.
However, both backscattered as well as back-reflected (from directional and specular
reflections) light is detected, particularly for surfaces normal to the optical axis of the
instrument, such as the corneal apex in anterior corneal imaging. The presence of back-
reflected light results in saturation of the A-scan signals. Upon Fourier Transform, fully
saturated A-scans appear as completely modulated white lines, whereas partially saturated A-
scans give rise to replications and ghost signals. These effects produce additional distorting
factors in the detected corneal surfaces from sOCT images, and may result in an artificial
steepening of the estimated cornea. However, the consequences of these effects on the
quantification of geometry of the surfaces have been generally miss-regarded.

Another practical limitation for quantification of in vivo sOCT is imposed by motion
artifacts [31,32], which are associated to breath, pulsation [33], dynamics of the tear film [34],
among others, and occur, even when forehead support or bite bars are used. In order to
minimize the impact of motion artifacts, the common solution is to increase the acquisition
speed [35]. A widespread solution in anterior segment OCT, also common to other imaging
modalities such as Scheimpflug corneal topography, is the use of a meridional scanning
configuration, instead of a denser rectangular scanning [19,20,22,25]. However, this approach
assumes that the center of rotation is fixed and requires from radial interpolation, generating
other sources of error. On the other hand, a dense, homogeneous sampling of the corneal
elevation prevents from interpolation errors of radial or meridional sampling approaches.
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In summary: (1) We provide a full experimental method for correction of fan distortion,
which can be universally applied to any anterior segment OCT system. To our knowledge this
is the first demonstration of the correction of fan distortion in real corneas using a system
comparable to those used in clinics. (2) The study demonstrates for the first time the effect of
fan distortion correction on surface asphericity (both on artificial surfaces and in vivo). (3) We
report, to our knowledge, the first corneal topographic maps corrected from fan distortion in
patient’s eyes, and a comparison to topographic maps obtained with state-of-the art clinical
topography systems (Scheimpflug imaging and Placido-based videokeratography) in the same
patients. (4) We present, to our knowledge, the first OCT topographic maps based on
rectangular scanning, rather than meridional scanning. (5) Finally, we present image
processing methods for reducing the effects of signal saturation in the corneal apex, as well as
motion distortion reduction alternatives.

Although in this work the method is applied to the reconstruction of the anterior corneal
surface, the methods also provide the ray equation data, which are necessary for the
application of optical distortion correction algorithms to the internal surfaces of the eye [25].
The method can be generalized to any anterior segment OCT instrument.

2. Methods
2.1. Experimental sOCT setup

The sOCT system used in the measurements has been described in detail in previous
publications [9]. The setup is based on a fiber-optics Michelson interferometer configuration
with a superluminescent diode SLD (Ao = 840 nm, AL = 50 nm; Superlum, Ireland) as a light
source and a spectrometer consisting of a volume diffraction grating and a 12-bit line-scan
CMOS camera with 4096 pixels (Basler sprint spL.4096-140k; Basler AG, Germany) as a
detector. The horizontal and vertical scanning was produced by galvanometer optical scanners
(Cambridge Technology Inc., USA), driven by an analog input/output card (National
Instruments, USA). The distance between the centers of the scanning mirrors is 13.8 mm and
the focal length of collimating lens is 75 mm. The effective acquisition speed is 25000 A-
Scans/s, which optimized balance between speed and SNR. The axial range of the instrument
is 7 mm in depth, resulting in a theoretical pixel resolution of 3.4 um. The axial resolution
predicted by the bandwidth of the superluminescent diode laser source is 6.9 um.

2.2. Image processing, automatic segmentation and surface fitting

Anterior segment OCT systems are designed for imaging quasi-transparent media, as corneal
and lens tissues, and therefore, their dynamic range is adapted for the very weak signals
provided by the diffuse reflection of the ocular surfaces. Images of plastic surfaces, or even
the cornea, typically show a “white” area corresponding to zones producing a specular or
directional back-reflection. In sOCT systems saturation results in the images showing a
repetitive structure along the “white” A-scans, as a result of the Fourier Transform. We
implemented the following strategy to avoid the saturation, of the whole 3D scan acquisition:
We reduced the amount of irradiance impinging the surface up to prevent the interference
fringes (carrier) coded in the autocorrelation spectrum (envelope) from saturating the
detection system. This procedure can be applied by shortening the exposure time of the
CMOS camera or by lowering the radiant intensity from the autocorrelation spectrum of the
reference arm to values below four times the detection range of the camera. This way, the
maximum of the interference fringes placed at the maximum of the cross-correlation for the
specular reflection is within the range of the camera. This allows separating the information of
the specular-directional reflection area from the “white background”, as the artificial echoes
introduced by the Fourier transform are reduced.

In a previous work [25] we presented a segmentation algorithm to extract the 3-D data
from sOCT B-Scans. The current study incorporates important improvements for faster and
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more sensitive automatic segmentation of the surfaces. The algorithm can be summarized in
six steps (Fig. 1): (1) Statistical thresholds are calculated based on a derivation of the Otsu’s
[36] method. The statistical calculations are performed on individual A-Scans rather than on
the B-Scans, which allows and adaptive treatment of the noise and signal levels of every A-
Scan (see Fig. 1(a) and Media 1 for a typical noisy raw B-scan) (2) Denoising algorithm.
Morphological operators are used to evaluate and eliminate areas in the B-scan smaller than
10 pixels. (3) Detection of connected points in a neighborhood, identifying those belonging to
a cluster >10 pixels in each B-scan (Fig. 1(b) and Media 2) (4) Detection of connected points
in a neighborhood in 3-D. (5) Identification of the boundaries of volumes, by performing a 3-
D edge algorithm (extension to 3-D of Roberts algorithm in 2-D). This algorithm allows
detecting the maximum intensity in each boundary region, allowing a multilayer segmentation
(Fig. 1(c) and Media 3). (6) Multilayer segmentation. The approach, based on boundary region
identification (and not only maximum intensity), allows to automatically resolve very close
layers of different reflectivity (Fig. 1(d) and Media 4).

{a) b}

(e ()

Fig. 1. Single-frame excerpts from video recordings of the processing algorithms: a) Collection
of original B-Scans, containing the data acquired from an in vivo healthy eye (Media 1). b)
Result of application of the statistical thresholding algorithm (Media 2). ¢) Data after denoising
image processing (Media 3). d) Boundary detection in red (Media 4).

3-D segmented surfaces corresponding to the layer identified as the anterior corneal
surface are fitted to Zernike modal expansions (55 terms, tenth order) [37,38]. The method is
implemented in an iterative procedure which allows further rejection of spurious points in the
surface (Media 2), by evaluating the local distance of every point with respect to the surface
fitted to the Zernike modal expansion of 55 terms (tenth order). Points further than three times
the standard deviation of the distances between the actual surface and the fitted surface are
eliminated, and a new Zernike fitting is performed. The procedure is repeated until the fitted
Zernike coefficients change less than 1% from the previous iteration. The final surfaces
(Zernike fits) are also fitted by different quadrics (sphere or conicoids), using a nonlinear least
mean square procedure [39—41].
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We have developed a procedure that accounts for potential tilts of the surface, with two
modes of operation: (1) The apex or center of the quadric is defined by the user. This mode is
useful for comparison purposes across different topographers (where, for instance, the
specular reflection can be used for reference in longitudinal measurements on patients
following corneal treatment). In this case, tilt can be corrected using the information provided
by the tilt Zernike coefficients, Z, " and Z,". (2) The location of the apex is considered an
additional variable to those defining the surface shape (radii of curvature, conic constants or
eccentricity [41]). This mode is useful when the surfaces do not have a particular point that
acts as a reference (i.e. in surface profilometry). The fitting process and correction of tilt is
illustrated in Fig. 2, for the first mode, considering the specular reflection as the reference Fig.
2(a), and after tilt correction and denoising through the Zernike fitting procedure described
above (Fig. 2(b)). The points in blue represent the surface used for fitting, and the red points,
the surface fitting to quadrics.

Elevation data after segmentation Elevation data after Zernike
and Fan distortion correction denoising
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Fig. 2. a) Elevation data (using the specular reflection as a reference) in blue and, the surface
fitted to conicoid in red (note the tilt of the surface, well accounted by the fit). b) Surface fitting
after tilt correction, and further denoising using Zernike fitting. Blue points are raw points used
in the fitting and red points represent the fitted surface

2.3. Fan distortion measurement and correction: general considerations

We have previously reported on a method for hardware minimization and software correction
of the residual fan distortion in a time-domain OCT system [24,42] which was applied to in
vitro samples. A key step in the fan distortion correction is the estimation of the directional
cosines at each point in the surface. The method relies on the assumption that the outgoing
beam from single mode fibers can be described as TEMO00 mode, and therefore following
geometrical optics, the propagation of the beam can be described through their directional
cosines.

Figure 3 shows a typical implementation of a sample arm for anterior segment OCT: A
two mirror-scanner system, showing a certain separation between the mirror centers and the
collimating lens. Simple ray tracing on this optical layout shows that the output directional
cosines after the lens are not parallel to the optical axis. As it was demonstrated by Ortiz et al.
[24], even when the lens is placed at the optimal position from the scanner the directional
cosines are skew rays, with the geometry affecting not only the axial coordinate but also the
lateral coordinates, since the optical scanner deflects the light in both, elevation and azimuth
angles.

As a result of the separation between the scanning mirrors, an elliptical wavefront is
formed. Therefore, rays in different orientations travel different distances, and as a
consequence, the lateral coordinates of the OCT become ellipsoidal (not Eucledian),
producing path differences between the ray that defines the optical axis of the system and the
rest of rays.
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Fig. 3. Illustration of a scanning system plus a collimation-condensing lens in an anterior
segment OCT system. See text for details.

In a previous work we made use of a confocal channel in the system to calibrate fan
distortion [24]. However, that channel is not generally available. Therefore we developed an
alternative method, which could be easily implemented for calibration any OCT system, and
we applied it, in particular, to a custom-developed sOCT [9]. The method allows obtaining the
axial distances that need to be added to each axial coordinate to compensate for the variable
distances with respect to the optical axis at each location, as well as the transformation that
must be performed to obtain lateral distances in Euclidean coordinates.

The procedure consists of collecting series of 3-D volumes (sOCT images) of a calibrated
grid at different axial positions within the axial range of the device (7 mm). The grid was
placed on a linear stage of 50 mm of travel path with micrometer accuracy. A 3-D volume was
collected, every 0.5 mm.

The collected volumes were used to generate 2-D axial-integrated images [43] by simple
addition of the intensity along each A-scan. Figure 4 (a) shows an example of an axially
integrated image of the grid used in the calibration (taken 1 mm from the best focus).

(a) (b) (c)

Fig. 4. (a) Axially integrated images of a grid used in the calibration (200x200 A-Scans, 11.25
wide system local units). (b) Automatic nodes identification (c) Vectorization of the node
movement across the axial length

Each particular ray (and pixel in the image) is described by the local coordinates of the
OCT x,. and y,... We used the location of the nodes in the grid (crossing points between
vertical and horizontal lines) to identify a set of 3-D coordinates in the system local
coordinates, and relate them to the actual positions of the object in space. The Hough
transform, in combination with circular and elliptical filters, was used to determine
automatically the grid. The lines in the grid image were fitted by parabolic curves, and the
nodes of the grids estimated from their intersections (Fig. 4 (b)). The parabolic fit also allowed
us to establish the transformation of the system local coordinates into lateral Euclidean units
for each point in the volume of interest. Also, since the nodes are labeled for each axial
location of the grid, the axial Euclidean coordinates are also obtained. Figure 4 (c) represents
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the amount and direction of the shift of the nodes at the boundary positions of the axial range.
The axial length for the voxel of the collected 3-D images was estimated to be 3.42 = 0.01
pm.

Once the actual 3-D coordinates are estimated, the quantitative estimation of axial fan
distortion was performed by 3-D sOCT imaging of a flat optical surface (mirror) along the
axial range of the sOCT system (7 mm). The mirror was placed at the same axial positions
used in the collection of grid images. Normality of the mirror with respect to the optical axis
was ensured by a pan/tilt mount (within 8 mrad).

The corresponding magnitude of the fan distortion is the distance of one point expressed in
local OCT coordinates with respect to the optical axis. This distance is subtracted (in OCT
local coordinates) from the raw optical path difference of detected surfaces to obtain their
actual position.

2.4. Experiments on artificial lens surfaces (spherical and aspheric)

Measurements were performed on a spherical lens of known geometry (27.91-mm of radius of
curvature) and an aspheric PMMA surface. The nominal surface geometry of the spherical
artificial lens (Edmund optics) was obtained from the Edmund® catalogue. The aspheric
surface was obtained by ablating a PMMA cornea (of initially 12.7-mm radius of curvature)
with a refractive surgery excimer laser (Technolas, Baush and Lomb), programmed with a
standard algorithm to correct 6-D (on corneal tissue) over a 6-mm diameter optical zone
[44,45]. The ablated surface was measured by non-contact profilometry (Sensofar PLu 2300
Software version 2300) which allows surface topographies with an axial resolution of 0.15 um
(for a 20 x microscope objective). 3-D elevation maps were obtained by evaluating the surface
in a squared grid of 1157 points over a region of 15 mm for the spherical surface, and of 10
mm for the aspheric surface. In addition, the aspheric lens was measured using a Placido-
based videokeratography (Humphrey Atlas model 990, Humphrey Instruments, San Leandro,
CA, USA, for cornea). Finally, sOCT images were obtained of both the spherical and
aspherical surfaces. Measurements were collected on a 15 x 15 mm zone, using 300 x 300 A-
scans for the spherical lens, and on a 10 x10 mm zone for the aspheric lens, using 200 x 200
A-Scans, which resulted on a lateral resolution of 0.05 mm. The data were processed with and
without the fan distortion correction. A total of 5 measurements were collected for each
sample and device.

Elevation maps obtained for spherical surfaces (from profilometry, OCT, and OCT after
fan distortion correction) were fitted by spherical surfaces, on a 6-mm diameter area.
Elevation maps obtained for aspheric surfaces (from profilometry, corrected OCT and
Placido-based videokeratography) were fitted by conicoids [39—41], on a 6-mm diameter
(optical zone of the ablation). Difference maps were obtained subtracting OCT fitted
topography maps from those obtained from the reference instruments. RMS (root mean
square) of the difference map was used as a metric of the accuracy of the OCT anterior
corneal topographic measurement.

For statistical analysis we applied an analysis of variance (ANOVA; general linear model
for repeated measurements, with the data collected from different instruments the only factor).
The evaluated data were the Zernike coefficients describing the surface (as proposed by
Llorente et al. [46]), as well as radii and asphericities from the surface fitted data. Significant
levels (ANOVA and pair wise comparison t-tests) were set at p<0.05. The statistical tests were
performed using SPSS software (SPSS, Inc., Chicago, Illinois).

2.5. Experiments on human corneas in vivo

A total of 10 eyes from five human subjects participated in the experiment. The ages ranged
from 24 to 38 years. The subjects were considered normal in a clinical ophthalmological
examination. Refractions ranged between 0 to —4.75 D sphere and 0 to 1 D of cylinder. All
protocols had been approved by Institutional Review Boards, and the subjects signed informed
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consents after the nature of the study had been explained, in accordance to the tenets of the
declaration of Helsinki.

The subjects were aligned to the sOCT system by using the specular reflection of the
cornea as a reference. Measurements were collected on a 10 X 12 mm zone, using 50 B-Scans
composed by a collection of 360. In order to enhance the signal to noise ratio, 3 A-Scans in a
B-Scan, were averaged, resulting in a final sampling of 50 x 120, which provides a spatial
sampling interval of 0.1 mm for the horizontal direction and of 0.2 mm for the vertical
direction. The corneal power exposure was 800 pW. Three-dimensional sOCT corneal images
were collected in less than 0.8 seconds. This acquisition time was deemed as an appropriate
compromise between resolution and presence of motion artifacts on control experiments on 20
subjects in which consecutive corneal images were obtained with decreasing acquisition times
(0.5-2.0 sec). Five repeated images were collected per subject.

In addition to the sOCT measurements, corneal topographies were obtained from
commercial Scheimpflug topography (Pentacam, Oculus Optikgerite GmbH, Wetzlar,
Germany) and Placido-based videokeratography (instrument of section 2.4). These
instruments were used for comparison with state-of-the art clinical standards, not as gold-
standard references. The 50-scan acquisition protocol was used in the Pentacam instrument.
Each Pentacam measurement was collected in about 2 seconds, while the subject fixated
foveally the built-in red fixation spot, and the corneal reflex of the fixation spot used as a
reference. Each Placido-based videokeratography measurement was collected in about 300
ms. Alignment was achieved by centering the image of the reflected rings on the cornea with
the corneal reflex. Five repeated sets of data were obtained per subject with each instrument.

Elevation data from all three instruments were fitted by Zernike polynomial expansions
(up to the tenth order) using the algorithms described in Section 2.2, in order to remove noise.
Quadrics (sphere and conicoid) were subsequently fitted to the elevation maps described by
Zernikes. Radii of curvature (R) and asphericity (Q) were used to describe the surfaces. A
variance analysis (ANOVA) was used to estimate the statistical significance of measurements
from each instrument. A Bland-Altman test [47] was applied to evaluate the agreement across
methods (OCT, Scheimpflug and Placido-based videokeratography), taking the Placido-based
videokeratography as the reference. The SPSS software was used for statistical data analysis.

There are several ways in which the shape of corneal surfaces can be represented and
quantified [39,48,49]. We selected the so-called “height representation” where the measured
elevation is represented as the difference of corneal elevation data from the reference sphere
(best fitted sphere estimated using nonlinear least squares algorithm) [50]. The corneal
elevation maps are displayed in a square grid of 100 x 100 points (6-mm diameter), where
warm colors depict points that are higher than the reference surface while cool colors
designate lower points.

3. Results
3.1. Fan distortion

Figure 5 (a) shows the raw elevation map of flat optical surface obtained by the sOCT system
(i.e. without fan distortion correction), by using a mesh of 300 x 300 A-Scans rastering a
square zone of 19 system local coordinates width. The distortion of this surface is a direct
measurement of the amount of residual fan distortion. As we had previously predicted [24],
the residual fan distortion is constant and does not depend on the axial position of the sample.
The measured peak-to-valley difference (fan distortion) in our sOCT is 96 um in the
horizontal direction and 24 um in the vertical direction. This asymmetry is well predicted by
simulations [24]. Figure 5 (b) shows the result of applying the algorithm for fan distortion
correction to the sSOCT images collected of a flat mirror placed on a holder mount.
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Residual Fan Distortion before and after correction.
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Fig. 5. a) Map of residual fan distortion obtained from a flat optical surface with the sOCT
system of the study. The surface is presented after segmentation of the image captured by the
OCT and it is represented in system local coordinates (slc), except for the axial axis what it has
been transformed into Euclidean coordinates for comparison purposes. b) Map of residual fan
distortion after fan distortion correction.

3.2. Topographic measurements on artificial lens surface (spherical and aspheric)

Surface topographies from sOCT on a spherical lens and an ablated artificial cornea were
compared to 3-D profilometric data, which were taken as a reference. Table 1 shows radii of
curvature: nominal, and fits to profilometric and OCT data (average and standard deviation of
repeated measurements). The radius of curvature from sOCT without fan distortion correction
differs from profilometric data 3.9%, while after the fan distortion correction the difference
decreases to 0.9%. The result of the variance analysis was that only statistically significant
differences were found for the noncorrected sOCT measurement.

Table 1. Nominal and fitting parameters to surface elevation maps measured with
different instruments (spherical surface)

OCT (without Fan OCT (with Fan
Spherical surface Nominal Profilometry distortion correction)  distortion correction)
Radius [mm] 2791 27.78 £0.27 26.69+0.11 28.03 +0.08

Figure 6 shows difference maps between sOCT and profilometric topography before (Fig.
6(a)) and after fan distortion correction (Fig. 6(b)) on spherical surfaces. The RMS error of the
difference maps for the spherical surface decreases from 2.3 um without fan distortion
correction to 0.8 um with fan distortion correction, for an area of 6-mm diameter. Figure 6 (c)
shows relevant Zernike terms of the Zernike fit to the sSOCT measurements (before and after
correction of fan distortion), in comparison to profilometric measurements. Non-corrected
sOCT surfaces show significant amount of astigmatism (Z22) that decreases dramatically with
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fan distortion correction (from 1.25 to —0.08 pum). Differences for this coefficient between
non-corrected sOCT data and profilometry were statistically significant.

Difference maps (um)

Vertical axis (mm)

-10

Horizontal axis (mm)

Zernike coefficients

Zernike coefficient (um)

(c)

Fig. 6. a) Difference map (sOCT elevation map — profilometric elevation map), without fan
distortion correction. b) Difference map (sOCT elevation map — profilometric elevation map),
with fan distortion correction, for a spherical surface. ¢) Second and fourth order astigmatism
Zernike terms from a Zernike polynomial fit to the surfaces for sOCT topographies without fan
distortion correction (red) and with fan distortion correction (green). Data in um are averages
across 5 repeated measurements for each instrument, and 6-mm diameter zones.

The geometrical aspects (radius and asphericity) of the conicoid fitting to the aspheric
PMMA surface are summarized in Table 2 for the three instruments: Non-contact profilometer
(taken as gold standard), Placido-based videokeratography, and sOCT without and with fan
distortion correction. Even though Scheimpflug measurements were collected it was not
possible use them, since the Pentacam software was not capable to produce reliable
segmentation of the PMMA surface. Radii of curvature differed from profilometry by 0.8%
for the Placido-based videokeratography, 4.6% for the sSOCT without fan distortion correction
(being statistically significantly different), and 1.6% for sOCT with fan distortion correction.
Asphericities differed substantially across methods, as well the repeatability of the asphericity
estimates from repeated measurements. Asphericities differed from profilometry by 65% for
the Placido-disk topographer, 130% for the sOCT without fan distortion correction, and 5%
for sOCT with fan distortion correction.

Table 2. Fitting parameters to surface elevation maps measured with different
instruments (aspheric surface)

Placido-based ~ sOCT (without Fan sOCT (with Fan

Aspheric surface Profilometer videokerato.  distortion correction)  distortion correction)
Radius (mm) 8.53+0.11 8.46+0.01 8.92+0.01 8.67 +0.00
Asphericity —0.20 £0.25 —0.07 +0.08 0.47 £0.05 —0.21 £0.02
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Figure 7 represents difference elevation maps (with respect to the non-contact
profilometric maps) of the sOCT topography after fan distortion correction (Fig. 7(a)) and of
the Placido-based videokeratography (Fig. 7(b)). The RMS error of the difference maps, for a
6-mm diameter area, was 2.6 um for SOCT with correction and 5.6 pm for the Placido-based
videokeratography. The differences with the profilometric topography (analyzed in terms of
the Zernike coefficients) were not significant for neither instrument, although the differences
for the sOCT tended to be smaller.

Difference maps
sOCT with correction from fan Placido Based-
distortion Videokeratography — (um)
1 10

@

o 1 2 3

10

3 2

Horizontal axis (mm)

(a) (b)

Fig. 7. a) Difference map (OCT elevation map with fan distortion correction — profilometric
elevation map). b) Difference map (Placido-based videokeratgoraphy elevation map —
profilometric elevation map), for an aspheric surface. Data are for a 6-mm area (optical zone of
the ablation).

3.3. Topographic measurements on human corneas in vivo

Corneal topographies were obtained on 10 eyes from 5 subjects from sOCT and commercial
instruments. Tables 3 and 4 show radii and asphericities from conicoid fits to all corneas in a
6-mm diameter zone. Data are averages (and standard deviations) of 5 repeated measurements
on each eye. Radii of curvature (Table 3) from sOCT without fan distortion measurements
were systematically lower than those from sOCT measurements with fan distortion correction
(2% on average). Discrepancies of the latter with respect to radii of curvature from
Scheimpflug topography were between 1 and 2%, and from Placido-based videokeratography
<1%. A wvariance analysis showed significant differences between the Placido-based
videokeratography and Scheimpflug in S#1-OD, S#1-OS, S#2-OD and S#3_OD. Non-
corrected sOCT data showed statistical differences compared to the other methods for S#4-
OD. Corrected sOCT was statistically significantly different from other methods for S#1-OS.

Table 3. Radii of curvature (from a conicoid fitting) of anterior corneal elevation maps
measured with different instruments (10 eyes from 5 subjects)

Conicoid Placido-based sOCT (without Fan sOCT (with Fan
radius (mm) videokerato. Scheimpflug distortion) distortion correction)
S#1 oD 8.16 £0.01 8.12+£0.02 823+0.11 8.14 £ 0.02
oS 8.18 +£0.01 8.10+£0.02 8.10+£0.07 8.14+0.01
S#2 oD 7.51+0.04 7.45+0.01 7.54 £0.03 7.53£0.04
oS 7.45 £ 0.03 7.45 +0.03 7.45+0.01 7.46 £ 0.02
SH3 oD 7.59 +£0.02 7.54+0.01 7.54 +£0.06 7.60 +£0.02
oS 7.53+0.01 7.52+0.03 7.47 +£0.06 7.52+0.01
SH4 oD 8.02+0.11 7.90 +0.00 8.19+0.04 8.09 £0.03
oS 7.88 £ 0.09 7.83 £0.00 7.94 +£0.03 7.89 +£0.02
SHs oD 7.50 +0.02 7.49 +0.02 7.54 £0.04 7.56 £0.06
(o 7.52 +0.05 7.50 +0.03 7.51+0.04 7.48 £0.05
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The Bland-Altmann plot for radii of curvature did not show any significant difference
across instruments, providing a range of [-0.13, 0.05] for the comparison between Placido-
based videokeratography and Scheimpflug, [-0.16, 0.16] for the sSOCT without fan distortion
correction, and [-0.09, 0.10] for the sOCT with fan distortion correction.

Asphericities (Table 4) from sOCT without fan distortion differed dramatically in
comparison with the rest of the instruments (even changing signs), in consistency with the
findings on the artificial aspheric surfaces. Only two eyes S#4-OS and S#5-OS show
statistically ~ significant  differences  between  Scheimpfluyg and  Placido-based
videokeratography. When the sOCT without fan distortion correction was compared to the
Placido-based videokeratography three eyes showed significant statistical differences (S#2-
OD, S#2-0OS and S#4-0S). In the case of the sSOCT with fan distortion correction the only eye
showing significant statistical difference was S#4-OS. The Bland-Altmann plot for asphericity
showed relatively narrow limits of agreement comparing Placido-based videokeratography
with Scheimpflug and sOCT with fan distortion correction ([-0.17, 0.21; Scheimpflug], [-0.19,
0.18; sOCT with fan distortion correction]). In the case of sOCT without fan distortion
correction the limits of agreement in comparison with Placido-disk were higher [-0.21, 0.37].

Table 4. Asphericities (from a conicoid fitting) of anterior corneal elevation maps
measured with different instruments (10 eyes from 5 subjects)

Placido-based sOCT (without Fan sOCT (with Fan
Asphericity videokerato. Scheimpflug distortion) distortion correction)
S#1 oD -0.12 £ 0.07 -0.02 +£0.09 -0.22+£0.16 -0.13 £0.02
oS 0.06 +0.11 -0.04+0.15 -0.01 £0.12 -0.12 £ 0.09
S#2 oD -0.13 £0.04 -0.19 £ 0.04 —0.04 +£0.04 -0.07 £0.02
oS —0.18 £0.08 -0.10 +0.09 0.07 +£0.01 -0.18 £0.01
S#3 oD 0.01 +0.08 —0.02 £0.01 —-0.01 +0.08 —0.07 £0.02
oS —0.02 +£0.07 -0.01 +0.07 0.01+0.09 —0.03 £0.03
SH4 oD -0.25+0.11 -0.32+£0.00 -0.15+0.05 -0.24 £0.03
oS -0.39 +£0.00 -0.30+£0.02 0.07 +£0.04 —-0.34 +0.01
SHs oD —-0.04 £ 0.09 0.01+0.04 —0.04 +£0.04 0.01+0.04
0S —0.11 +£0.04 0.02 +0.08 —0.06 £ 0.05 —0.12 £ 0.03

Figure 8 shows topographic height maps from 4 eyes, obtained from Placido-based
videokeratography, Scheimpflug and sOCT (without and with fan distortion correction).
Difference maps are not shown, as none of the instruments is considered as a “gold standard”.
All maps are presented on the same scale for each eye, and are averages of 5 repeated
measurements. All data are represented over a 6-mm diameter zone, centered at the specular
reflection for foveal fixation. The topographic maps were obtained by fitting the raw elevation
maps to a tenth-degree Zernike expansion, relative to the best fitting sphere. The numbers
below each map represent the average and standard deviation of the radius of curvature of best
fitting sphere in mm.

4. Discussion

We have presented a method for correcting the distortion of OCT systems, due to the
architecture of the sample arm. The calibration has been combined with new algorithms for
denoising, segmentation and surface fitting, which have allowed automatic estimation of the
surface topography. The presence of fan distortion and its correction in a non-telecentric
scanning system was first reported by Westphal et al. [28]. In a previous study we presented
theoretical predictions and measurements, as well as a method for correction of fan distortion
in a time-domain OCT system provided with a confocal channel [28]. In this study, we have
demonstrated that the sOCT corrected for fan distortion produces accurate topographic
estimates of artificial surfaces, as compared to non-contact profilometric data. Correcting fan
distortion has proved particularly critical for accurate estimates of asphericity. In fact, SOCT
with fan distortion correction produced the closest estimates of asphericity with respect to the
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Placido based sOCT (without sOCT (with Fan
videokeratography

Scheimpflug Fan distortion distortion
correction) correction)

S#1_0D
R {sph) = B.12 £ 0.02 R {sph) = B.10 £ 0.1
S#2_0S
R (sph) = 7.49 £ 0.02 R (sph) = 7.48 £ 0.01 R {sph) = 7.50 £ 0.00
10
S#3_0D
-5
R {sph) = 7.59 £ 0.02 R {sph) = 7.62 £ 0.01
-10
S#4_0S

R (sph)=T7.96 £ 0.01 R (sph)=7.9220.01 R (sph)=7.0% £0.03 R (sph)=T7.97 £ 0.01

Fig. 8. Corneal elevation maps obtained in 4 eyes obtained from different instruments (relative
to the best fitting sphere). R = radii of curvature of the best fitting sphere (from fits to sphere
quadrics).

gold standard (non-contact profilometry) values than other commercial topographers (such as
Placido-based videokeratography). A proper measurement of corneal asphericity is critical in
clinical applications of corneal topography (refractive surgery, contactology, etc.).

Even though there are small statistically significant differences in terms of quadric
parameters for the sOCT without correction, it is in terms of the topographic maps where
differences are most notorious. The presence of astigmatism in the data prior to fan distortion
correction is clearly observed in the measurements of artificial surfaces, where (unlike in real
eyes) no other astigmatism arising from alignment or shape should be present.

Placido-based videokeratography, and to a less extent Scheimpflug imaging, are widely
used clinically to measure the geometry of corneal surfaces. The high level of accuracy and
precision of Placido-based videokeratography in measuring spherical and aspheric samples
has been demonstrated in several studies [51,52]. We have recently reported on the accuracy
of the Pentacam anterior and posterior corneal topography on artificial (plastic and hybrid
porcine/plastic) eyes. Although the radii of curvature of the surfaces were retrieved within
98.3% accuracy [53] we did not attempt to explore the accuracy of the asphericity estimates.
The repeatability of clinical instruments has also been studied. In general, Placido-based
videokeratography showed higher repeatability due to its high-speed acquisition; however the
posterior corneal surface or the geometry of the corneal apex cannot be measured [54].
Although some studies reported high repeatability in anterior corneal parameters in normal
corneas measured with Pentacam [55—57], a recent study reported relatively high variability in
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the corneal elevation data obtained with this instrument [58]. The relative long acquisition
times and the rotating slit scanning scheme may result in motion artifacts and changes in the
center of slit rotation.

The relatively sparse information in certain dimensions (radially in Placido-based
videokeratography, where the information in the 1-mm central region is lost, and the cornea is
sampled radially, and meridionally in Scheimpflug, where the information is sampled only on
25-50 meridians) poses some limitations to these techniques. For example, the meridional
pattern is not well suited in patients with irregularities with higher azimuthal frequencies [57].

In contrast, OCT allowed a more sensitive analysis of the geometrical shape of the corneal
surface due to its larger axial and lateral resolution. In order to minimize the impact of motion
artifacts, we decreased the acquisition times without compromising sampling density (>25000
A-Scans were used). The homogenous sampling pattern in the current study differs from that
chosen in recent reports of OCT-based topography, where the information is collected in a
series of meridians [19,20,22]. While this strategy is time-efficient and non-problematic in
symmetric surfaces, it potentially encompasses similar limitations than those identified for
Scheimpflug imaging (reduced sensitivity in the detection of asymmetries, dependence on the
center of rotation, etc.). Optimizing both sampling density and sampling pattern will
potentially contribute to more accurate corneal elevation reconstructions.

In summary, correction of fan distortion is important for accurate surface/corneal
topography with OCT systems. Spectral OCT has the potential for becoming a system for
state-of-the-art topography, and overcome the limitations of current standard topographic
system. It is essential however to provide the systems with appropriate calibration tools, as
well as automatic procedures for accurate detection and evaluation of the surfaces. Although
the technique has been demonstrated on a laboratory-based OCT system, it can be easily
extrapolated to other OCT systems.

5. Conclusions

We have presented a full experimental method for correction of fan distortion, which can be
universally applied to any anterior segment OCT system. This method that allows achieving
accurate corneal topographies from spectral anterior segment OCT. The method for correction
has been combined with robust automatic image processing techniques. The sOCT topography
after fan distortion correction has proved extremely accurate (compared to non-contact
profilometry) on artificial lenses (less than 1% discrepancy for both radius of curvature and
asphericity), and provided the most accurate estimate of surface asphericity. The statistical
comparison of these corrected topographies with topographies from state-of-the art clinical
topography systems represents a valuable contribution toward the development “All-OCT-
based” topographic systems. Fan distortion correction (along with fast acquisition and
powerful segmentation strategies) is essential to obtain reliable corneal elevation maps from
sOCT in patients.

Acknowledgments

This research was funded by grants FIS2008-02065 and EURYI-05-102-ES (EURHORC:s-
ESF) to S. M., CSIC JAE- Doc Program to D. S., CSIC JAE-Intro to N. C., and MICINN
Programa Técnicos de Apoyo to P. P. M. M Szkulmowski was supported by EuroHORCs-
European Science Foundation EURYI Award EURYI-01/2008-PL. We would like to
acknowledge Irek Grulkowski for helpful comments and technical advice.

#154147 - $15.00 USD Received 7 Sep 2011; revised 20 Oct 2011; accepted 20 Oct 2011; published 4 Nov 2011
(C)2011 OSA 1 December 2011/ Vol. 2, No. 12 / BIOMEDICAL OPTICS EXPRESS 3247




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.5

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /sRGB

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

    /AcademyEngravedLetPlain

    /ACaslonPro-Bold

    /ACaslonPro-BoldItalic

    /ACaslonPro-Italic

    /ACaslonPro-Regular

    /ACaslonPro-Semibold

    /ACaslonPro-SemiboldItalic

    /AdobeArabic-Bold

    /AdobeArabic-BoldItalic

    /AdobeArabic-Italic

    /AdobeArabic-Regular

    /AdobeFangsongStd-Regular

    /AdobeFanHeitiStd-Bold

    /AdobeGothicStd-Bold

    /AdobeHebrew-Bold

    /AdobeHebrew-BoldItalic

    /AdobeHebrew-Italic

    /AdobeHebrew-Regular

    /AdobeHeitiStd-Regular

    /AdobeKaitiStd-Regular

    /AdobeMingStd-Light

    /AdobeMyungjoStd-Medium

    /AdobeSongStd-Light

    /AGaramondPro-Bold

    /AGaramondPro-BoldItalic

    /AGaramondPro-Italic

    /AGaramondPro-Regular

    /AgencyFB-Bold

    /AgencyFB-Reg

    /Aharoni-Bold

    /Algerian

    /Andalus

    /AngsanaNew

    /AngsanaNew-Bold

    /AngsanaNew-BoldItalic

    /AngsanaNew-Italic

    /AngsanaUPC

    /AngsanaUPC-Bold

    /AngsanaUPC-BoldItalic

    /AngsanaUPC-Italic

    /Aparajita

    /Aparajita-Bold

    /Aparajita-BoldItalic

    /Aparajita-Italic

    /ArabicTypesetting

    /Arial-Black

    /Arial-BoldItalicMT

    /Arial-BoldMT

    /Arial-ItalicMT

    /ArialMT

    /ArialNarrow

    /ArialNarrow-Bold

    /ArialNarrow-BoldItalic

    /ArialNarrow-Italic

    /ArialRoundedMTBold

    /ArialUnicodeMS

    /BaskOldFace

    /Batang

    /BatangChe

    /Bauhaus93

    /BellMT

    /BellMTBold

    /BellMTItalic

    /BerlinSansFB-Bold

    /BerlinSansFBDemi-Bold

    /BerlinSansFB-Reg

    /BernardMT-Condensed

    /BirchStd

    /BlackadderITC-Regular

    /Blackletter686BT-Regular

    /BlackoakStd

    /BodoniMT

    /BodoniMTBlack

    /BodoniMTBlack-Italic

    /BodoniMT-Bold

    /BodoniMT-BoldItalic

    /BodoniMTCondensed

    /BodoniMTCondensed-Bold

    /BodoniMTCondensed-BoldItalic

    /BodoniMTCondensed-Italic

    /BodoniMT-Italic

    /BodoniMTPosterCompressed

    /BookAntiqua

    /BookAntiqua-Bold

    /BookAntiqua-BoldItalic

    /BookAntiqua-Italic

    /BookmanOldStyle

    /BookmanOldStyle-Bold

    /BookmanOldStyle-BoldItalic

    /BookmanOldStyle-Italic

    /BookshelfSymbolSeven

    /BradleyHandITC

    /BritannicBold

    /Broadway

    /BroadwayBT-Regular

    /BrowalliaNew

    /BrowalliaNew-Bold

    /BrowalliaNew-BoldItalic

    /BrowalliaNew-Italic

    /BrowalliaUPC

    /BrowalliaUPC-Bold

    /BrowalliaUPC-BoldItalic

    /BrowalliaUPC-Italic

    /BrushScriptMT

    /BrushScriptStd

    /Calibri

    /Calibri-Bold

    /Calibri-BoldItalic

    /Calibri-Italic

    /CalifornianFB-Bold

    /CalifornianFB-Italic

    /CalifornianFB-Reg

    /CalisMTBol

    /CalistoMT

    /CalistoMT-BoldItalic

    /CalistoMT-Italic

    /Calligraphic421BT-RomanB

    /Cambria

    /Cambria-Bold

    /Cambria-BoldItalic

    /Cambria-Italic

    /CambriaMath

    /Candara

    /Candara-Bold

    /Candara-BoldItalic

    /Candara-Italic

    /Castellar

    /CataneoBT-Regular

    /Centaur

    /Century

    /CenturyGothic

    /CenturyGothic-Bold

    /CenturyGothic-BoldItalic

    /CenturyGothic-Italic

    /CenturySchoolbook

    /CenturySchoolbook-Bold

    /CenturySchoolbook-BoldItalic

    /CenturySchoolbook-Italic

    /ChaparralPro-Bold

    /ChaparralPro-BoldIt

    /ChaparralPro-Italic

    /ChaparralPro-Regular

    /CharlemagneStd-Bold

    /Chiller-Regular

    /ColonnaMT

    /ComicSansMS

    /ComicSansMS-Bold

    /Consolas

    /Consolas-Bold

    /Consolas-BoldItalic

    /Consolas-Italic

    /Constantia

    /Constantia-Bold

    /Constantia-BoldItalic

    /Constantia-Italic

    /CooperBlack

    /CooperBlackStd

    /CooperBlackStd-Italic

    /CopperplateGothic-Bold

    /CopperplateGothic-Light

    /Corbel

    /Corbel-Bold

    /Corbel-BoldItalic

    /Corbel-Italic

    /CordiaNew

    /CordiaNew-Bold

    /CordiaNew-BoldItalic

    /CordiaNew-Italic

    /CordiaUPC

    /CordiaUPC-Bold

    /CordiaUPC-BoldItalic

    /CordiaUPC-Italic

    /CourierNewPS-BoldItalicMT

    /CourierNewPS-BoldMT

    /CourierNewPS-ItalicMT

    /CourierNewPSMT

    /CurlzMT

    /DaunPenh

    /David

    /David-Bold

    /DFKaiShu-SB-Estd-BF

    /DilleniaUPC

    /DilleniaUPCBold

    /DilleniaUPCBoldItalic

    /DilleniaUPCItalic

    /DokChampa

    /Dotum

    /DotumChe

    /Ebrima

    /Ebrima-Bold

    /EdwardianScriptITC

    /Elephant-Italic

    /Elephant-Regular

    /EngraversMT

    /ErasITC-Bold

    /ErasITC-Demi

    /ErasITC-Light

    /ErasITC-Medium

    /EstrangeloEdessa

    /Euclid

    /Euclid-Bold

    /Euclid-BoldItalic

    /EuclidExtra

    /EuclidExtra-Bold

    /EuclidFraktur

    /EuclidFraktur-Bold

    /Euclid-Italic

    /EuclidMathOne

    /EuclidMathOne-Bold

    /EuclidMathTwo

    /EuclidMathTwo-Bold

    /EuclidSymbol

    /EuclidSymbol-Bold

    /EuclidSymbol-BoldItalic

    /EuclidSymbol-Italic

    /EucrosiaUPC

    /EucrosiaUPCBold

    /EucrosiaUPCBoldItalic

    /EucrosiaUPCItalic

    /EuphemiaCAS

    /FangSong

    /FelixTitlingMT

    /FencesPlain

    /FootlightMTLight

    /ForteMT

    /FranklinGothic-Book

    /FranklinGothic-BookItalic

    /FranklinGothic-Demi

    /FranklinGothic-DemiCond

    /FranklinGothic-DemiItalic

    /FranklinGothic-Heavy

    /FranklinGothic-HeavyItalic

    /FranklinGothic-Medium

    /FranklinGothic-MediumCond

    /FranklinGothic-MediumItalic

    /FrankRuehl

    /FreesiaUPC

    /FreesiaUPCBold

    /FreesiaUPCBoldItalic

    /FreesiaUPCItalic

    /FreestyleScript-Regular

    /FrenchScriptMT

    /Gabriola

    /Garamond

    /Garamond-Bold

    /Garamond-Italic

    /Gautami

    /Gautami-Bold

    /Georgia

    /Georgia-Bold

    /Georgia-BoldItalic

    /Georgia-Italic

    /GiddyupStd

    /Gigi-Regular

    /GillSansMT

    /GillSansMT-Bold

    /GillSansMT-BoldItalic

    /GillSansMT-Condensed

    /GillSansMT-ExtraCondensedBold

    /GillSansMT-Italic

    /GillSans-UltraBold

    /GillSans-UltraBoldCondensed

    /Gisha

    /Gisha-Bold

    /GloucesterMT-ExtraCondensed

    /GoudyOldStyleT-Bold

    /GoudyOldStyleT-Italic

    /GoudyOldStyleT-Regular

    /GoudyStout

    /Gulim

    /GulimChe

    /Gungsuh

    /GungsuhChe

    /Haettenschweiler

    /HarlowSolid

    /Harrington

    /HighTowerText-Italic

    /HighTowerText-Reg

    /HoboStd

    /HolidayPiBT-Regular

    /Impact

    /ImprintMT-Shadow

    /InformalRoman-Regular

    /IrisUPC

    /IrisUPCBold

    /IrisUPCBoldItalic

    /IrisUPCItalic

    /IskoolaPota

    /IskoolaPota-Bold

    /JasmineUPC

    /JasmineUPCBold

    /JasmineUPCBoldItalic

    /JasmineUPCItalic

    /JokermanLetPlain

    /Jokerman-Regular

    /JuiceITC-Regular

    /KaiTi

    /Kalinga

    /Kalinga-Bold

    /Kartika

    /Kartika-Bold

    /KhmerUI

    /KhmerUI-Bold

    /KodchiangUPC

    /KodchiangUPCBold

    /KodchiangUPCBoldItalic

    /KodchiangUPCItalic

    /Kokila

    /Kokila-Bold

    /Kokila-BoldItalic

    /Kokila-Italic

    /KozGoPr6N-Bold

    /KozGoPr6N-ExtraLight

    /KozGoPr6N-Heavy

    /KozGoPr6N-Light

    /KozGoPr6N-Medium

    /KozGoPr6N-Regular

    /KozGoPro-Bold

    /KozGoPro-ExtraLight

    /KozGoPro-Heavy

    /KozGoPro-Light

    /KozGoPro-Medium

    /KozGoPro-Regular

    /KozMinPr6N-Bold

    /KozMinPr6N-ExtraLight

    /KozMinPr6N-Heavy

    /KozMinPr6N-Light

    /KozMinPr6N-Medium

    /KozMinPr6N-Regular

    /KozMinPro-Bold

    /KozMinPro-ExtraLight

    /KozMinPro-Heavy

    /KozMinPro-Light

    /KozMinPro-Medium

    /KozMinPro-Regular

    /KristenITC-Regular

    /KunstlerScript

    /LaoUI

    /LaoUI-Bold

    /Latha

    /Latha-Bold

    /LatinWide

    /Leelawadee

    /Leelawadee-Bold

    /LetterGothicStd

    /LetterGothicStd-Bold

    /LetterGothicStd-BoldSlanted

    /LetterGothicStd-Slanted

    /LevenimMT

    /LevenimMT-Bold

    /LilyUPC

    /LilyUPCBold

    /LilyUPCBoldItalic

    /LilyUPCItalic

    /LithosPro-Black

    /LithosPro-Regular

    /LucidaBright

    /LucidaBright-Demi

    /LucidaBright-DemiItalic

    /LucidaBright-Italic

    /LucidaCalligraphy-Italic

    /LucidaConsole

    /LucidaFax

    /LucidaFax-Demi

    /LucidaFax-DemiItalic

    /LucidaFax-Italic

    /LucidaHandwriting-Italic

    /LucidaSans

    /LucidaSans-Demi

    /LucidaSans-DemiItalic

    /LucidaSans-Italic

    /LucidaSans-Typewriter

    /LucidaSans-TypewriterBold

    /LucidaSans-TypewriterBoldOblique

    /LucidaSans-TypewriterOblique

    /LucidaSansUnicode

    /Magneto-Bold

    /MaiandraGD-Regular

    /MalgunGothic

    /MalgunGothicBold

    /MalgunGothicRegular

    /Mangal

    /Mangal-Bold

    /Marlett

    /MaturaMTScriptCapitals

    /Meiryo

    /Meiryo-Bold

    /Meiryo-BoldItalic

    /Meiryo-Italic

    /MeiryoUI

    /MeiryoUI-Bold

    /MeiryoUI-BoldItalic

    /MeiryoUI-Italic

    /MesquiteStd

    /MicrosoftHimalaya

    /MicrosoftJhengHeiBold

    /MicrosoftJhengHeiRegular

    /MicrosoftNewTaiLue

    /MicrosoftNewTaiLue-Bold

    /MicrosoftPhagsPa

    /MicrosoftPhagsPa-Bold

    /MicrosoftSansSerif

    /MicrosoftTaiLe

    /MicrosoftTaiLe-Bold

    /MicrosoftUighur

    /MicrosoftYaHei

    /MicrosoftYaHei-Bold

    /Microsoft-Yi-Baiti

    /MilanoLet

    /MingLiU

    /MingLiU-ExtB

    /Ming-Lt-HKSCS-ExtB

    /Ming-Lt-HKSCS-UNI-H

    /MinionPro-Bold

    /MinionPro-BoldCn

    /MinionPro-BoldCnIt

    /MinionPro-BoldIt

    /MinionPro-It

    /MinionPro-Medium

    /MinionPro-MediumIt

    /MinionPro-Regular

    /MinionPro-Semibold

    /MinionPro-SemiboldIt

    /Miriam

    /MiriamFixed

    /MisterEarlBT-Regular

    /Mistral

    /Modern-Regular

    /MongolianBaiti

    /MonotypeCorsiva

    /MoolBoran

    /MS-Gothic

    /MS-Mincho

    /MSOutlook

    /MS-PGothic

    /MS-PMincho

    /MSReferenceSansSerif

    /MSReferenceSpecialty

    /MS-UIGothic

    /MT-Extra

    /MTExtraTiger

    /MVBoli

    /MyriadPro-Bold

    /MyriadPro-BoldCond

    /MyriadPro-BoldCondIt

    /MyriadPro-BoldIt

    /MyriadPro-Cond

    /MyriadPro-CondIt

    /MyriadPro-It

    /MyriadPro-Regular

    /MyriadPro-Semibold

    /MyriadPro-SemiboldIt

    /MyriadWebPro

    /MyriadWebPro-Bold

    /MyriadWebPro-Italic

    /Narkisim

    /NiagaraEngraved-Reg

    /NiagaraSolid-Reg

    /NSimSun

    /NuevaStd-BoldCond

    /NuevaStd-BoldCondItalic

    /NuevaStd-Cond

    /NuevaStd-CondItalic

    /Nyala-Regular

    /OCRAExtended

    /OCRAStd

    /OldDreadfulNo7BT-Regular

    /OldEnglishTextMT

    /OneStrokeScriptLetPlain

    /Onyx

    /OratorStd

    /OratorStd-Slanted

    /OSAEditMarks

    /PalaceScriptMT

    /PalatinoLinotype-Bold

    /PalatinoLinotype-BoldItalic

    /PalatinoLinotype-Italic

    /PalatinoLinotype-Roman

    /Papyrus-Regular

    /Parchment-Regular

    /ParkAvenueBT-Regular

    /Perpetua

    /Perpetua-Bold

    /Perpetua-BoldItalic

    /Perpetua-Italic

    /PerpetuaTitlingMT-Bold

    /PerpetuaTitlingMT-Light

    /PlantagenetCherokee

    /Playbill

    /PMingLiU

    /PMingLiU-ExtB

    /PoorRichard-Regular

    /PoplarStd

    /PrestigeEliteStd-Bd

    /Pristina-Regular

    /Raavi

    /RageItalic

    /RageItalicLetPlain

    /Ravie

    /Rockwell

    /Rockwell-Bold

    /Rockwell-BoldItalic

    /Rockwell-Condensed

    /Rockwell-CondensedBold

    /Rockwell-ExtraBold

    /Rockwell-Italic

    /Rod

    /RosewoodStd-Regular

    /SakkalMajalla

    /SakkalMajallaBold

    /ScriptMTBold

    /SegoePrint

    /SegoePrint-Bold

    /SegoeScript

    /SegoeScript-Bold

    /SegoeUI

    /SegoeUI-Bold

    /SegoeUI-BoldItalic

    /SegoeUI-Italic

    /SegoeUI-Light

    /SegoeUI-SemiBold

    /SegoeUISymbol

    /ShonarBangla

    /ShonarBangla-Bold

    /ShowcardGothic-Reg

    /Shruti

    /Shruti-Bold

    /SimHei

    /SimplifiedArabic

    /SimplifiedArabic-Bold

    /SimplifiedArabicFixed

    /SimSun

    /SimSun-ExtB

    /SmudgerAltsLetPlain

    /SmudgerLetPlain

    /SnapITC-Regular

    /Square721BT-Roman

    /Staccato222BT-Regular

    /Stencil

    /StencilStd

    /STIXGeneral-Regular

    /Sylfaen

    /SymbolMT

    /SymbolTiger

    /SymbolTigerExpert

    /Tahoma

    /Tahoma-Bold

    /TektonPro-Bold

    /TektonPro-BoldCond

    /TektonPro-BoldExt

    /TektonPro-BoldObl

    /TempusSansITC

    /Tiger

    /TigerExpert

    /TimesNewRomanPS-BoldItalicMT

    /TimesNewRomanPS-BoldMT

    /TimesNewRomanPS-ItalicMT

    /TimesNewRomanPSMT

    /TraditionalArabic

    /TraditionalArabic-Bold

    /TrajanPro-Bold

    /TrajanPro-Regular

    /Trebuchet-BoldItalic

    /TrebuchetMS

    /TrebuchetMS-Bold

    /TrebuchetMS-Italic

    /Tunga

    /Tunga-Bold

    /TwCenMT-Bold

    /TwCenMT-BoldItalic

    /TwCenMT-Condensed

    /TwCenMT-CondensedBold

    /TwCenMT-CondensedExtraBold

    /TwCenMT-Italic

    /TwCenMT-Regular

    /UniversityRomanAltsLetPlain

    /Utsaah

    /Utsaah-Bold

    /Utsaah-BoldItalic

    /Utsaah-Italic

    /Vani

    /Vani-Bold

    /Verdana

    /Verdana-Bold

    /Verdana-BoldItalic

    /Verdana-Italic

    /Vijaya

    /Vijaya-Bold

    /VinerHandITC

    /Vivaldii

    /VladimirScript

    /Vrinda

    /Vrinda-Bold

    /Webdings

    /Wingdings2

    /Wingdings3

    /Wingdings-Regular

    /ZWAdobeF

  ]

  /NeverEmbed [ true

    /Helvetica

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 600

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.00000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 600

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.00000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.00000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>

    /TUR <>



    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice





