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Abstract: A special imaging instrument was developed which can acquire
optical coherence tomography (OCT) en-face images from the eye fundus,
and simultaneously a confocal image. Using this instrument we illustrate for
the first time the application of en-face OCT imaging to produce topography
and perform area and volume measurements of the optic nerve. The
procedure is compared with the topography, area and volume measurements
using a confocal scanning laser ophthalmoscope.
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1. Introduction
Quantitative imaging of the optic nerve head in the living human eye is becoming increasingly
important as a means of characterising its three dimensional structure with elevated
intraocular pressure in glaucoma. Detecting abnormalities and change in the structure is
important in finding damage and progression of damage. Among the challenges of
characterising its structure are limitations in precision and accuracy of the measurements
which are partly determined by the depth resolution of the imaging system. In addition the
complex tissue structure with non-planar reflecting surfaces and semi-transparent overlying
neural tissue makes it a difficult task.
High resolution imaging and tomographic assessments in the eye fundus are largely
achieved using a confocal scanning laser ophthalmoscope1 (CSLO). The influence of scattered
light from outside the focus point within the target is suppressed by a pinhole in front of the
photodetector and conjugate to the focal plane2,3. 3D imaging4 is performed by acquiring enface images at different positions of the focusing element, each position corresponding to a
different depth. For instance, a CSLO such as the Heidelberg Retinal Tomograph (HRT)5
collects a stack of 32 en-face consecutive images at equidistant and different depths from
within 0.5-4 mm depth in the retina. The HRT has also been developed to provide topography
images6 and topographic parameters7 of the optic nerve by processing the stack of en-face
images. For each pixel (x,y) in the transversal section, the reflectance intensity is determined
as a function of scan depth8, z. The depth position of the peak in the axial intensity
distribution versus depth is then used to build a topography map. As a quantitative imaging
tool, CSLO can be used to provide 1D, 2D and 3D measurements7 such as: retina thickness,
areas of the disk, cup, rim, the ratio of the cup and disk areas and volumes of the cup and the
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rim, etc9. Computation and analysis of these parameters as well as topographic difference
images are useful in the description of an optic nerve head, for glaucoma diagnosis and for the
follow-up of the glaucomatous eye. Due to the intrinsic aberrations of the ocular components,
the depth resolution2,5,8 of the CSLO is ~ 300 µm.
A method of higher resolution imaging of the retina is optical coherence tomography
(OCT)10. In OCT, the depth exploration is obtained by scanning the optical path difference
(OPD) between the object path and reference path in an interferometer illuminated by a low
coherence source. Maximum interference signal is obtained for OPD=0. For an OPD larger
than the coherence length of the source used, the interference signal diminishes considerably,
which explains the selection in depth of the OCT11. Generally, using superluminiscent diodes,
instrumental depth resolution better than 20 µm is achievable with OCT.
OCT has largely been applied to the fundus to create longitudinal images12 (analogous to
ultrasound B-scan) that are in-depth measurements through the retina. Practically, a B-scan
image is constructed from many A-scans, which are reflectivity profiles versus depth (Figure
1). A commercial OCT instrument13 exists which can produce a longitudinal image of the
retina in ~ 1 second.
However, using conventional longitudinal OCT, topography of the fundus is difficult to
perform, unless many longitudinal images are collected for different en-face positions and
orientations to cover a significant en-face area of the fundus. This may be performed in the
same way as the retinal nerve fiber thickness is measured with OCT, by repeating a number of
circular cuts around the nerve14. However, such a procedure as well as any other longitudinal
OCT procedure is cumbersome as it requires interpolation in the en-face plane. Obviously, it
is more natural to construct the topography (which refers to an en-face image) from collected
en-face images. Therefore we looked into ways to overcome this drawback by building an
OCT system capable of producing en-face images15 of the fundus. Using this new instrument,
topography can be performed with the instrumental depth resolution of the OCT technology,
which is much better than that achievable with a CSLO.
A demonstration of en-face OCT based topography, area and volume measurements is
made on the eye of one of the authors (AP). The results are compared with those obtained
using a state of the art HRT. This is only for illustration purposes to demonstrate the
capability of our dual system and not to compare the accuracy of two different technologies
(OCT and CSLO) nor of the accuracy of our instrument with that of a commercial instrument
(HRT).
2. System
Unlike the usual application of OCT to the eye fundus, where a B-scan (x,z) or (y,z) is
obtained from successive A-scans with slow scanning in a transversal direction10-14, we scan
fast transversally to produce a C-scan image at constant depth (i.e. a reflectivity map in the
x,y plane). This is similar to the procedure used in any CSLO, where the fast scanning is enface and the depth scanning (focus change) is much slower (at the frame rate)1-9. The
orientation of a C-scan relative to a B-scan slice is shown in Figure 1.

B-scan

C-scan

A-scans

Fig. 1: Relative orientation of the axial scan (A-scan), longitudinal slice (B-scan) and enface or transversal slice (C-scan).
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The basic configuration of our system is shown in Figure 2. The apparatus comprises an
interferometer excited by a pigtailed superluminescent diode, central wavelength λ = 0.85 µm,
bandwidth ∆λ = 20 nm, which sends 250 µW power to the eye. The system reported
elsewhere15 is a configuration of directional single mode couplers. The OCT depth is adjusted
via a 1 µm resolution computer controlled translation stage which changes the optical path of
the reference arm. Another feature of our system when compared to the commercial OCT
system is that it also collects a confocal image simultaneously with the en-face OCT image16.
In the sensing arm of the OCT, a splitting device redirects a part of the returned light from the
eye towards a photodetector behind a lens and a pinhole, used in a confocal receiver.
The OCT and confocal signals carrying the information about the reflectivity of the target
are applied to a dual input frame grabber, which displays two images under computer control.
The frame grabber is synchronized with the TTL signals delivered by the two ramps
generators controlling the galvanometer pair.
The system can operate in different regimes. In the longitudinal OCT regime, only one
galvo-mirror of the galvanometer scanning pair is driven with a ramp at 700 Hz and the
translation stage is moved for the depth range required in 0.5 s. In this case, an OCT B-scan
image is produced either in the plane (x,z) or (y,z). A longitudinal OCT image from the optic
nerve in the plane (x,z) is shown at the top of the pair of images in Figure 3. The multi-layer
structure is clearly visible. This image, and all the other images in the paper are of the right
eye of one of the authors (AP, 50 years old, male).
In the transversal regime, one galvo-scanner is driven with a ramp at 700 Hz and the
other galvo-scanner with a ramp at 2 Hz. In this way, a C-scan image, in the plane (x,y) is
generated, at constant depth. Then the depth is changed by moving the translation stage in the
reference arm of the interferometer in Figure 2 and a new C-scan image is collected. An
Superluminiscent
diode
OCT
Single mode
couplers
Signal
processing
unit

Optical
Splitting
and
Confocal
Optical
Receiver

MX

Interface
Optics

Z

MY

X

Reference
path
adjustment
Ramp
Generators

OCT
Variable
scan frame
grabber

Y

Personal
computer

SLO

Figure 2. General set-up of the combined OCT/Confocal system.
MX, MY: galvanometer mirrors of the XY scanning head. The detailed configuration is
presented in references15,16.

example of such en-face OCT image is shown at the top of the pair of images in Figure 4. The
bottom images in Figures 3 and 4 are the confocal and they do not bear any depth
significance. The brightness of each pixel in the confocal image is an integration of the signal
received over the depth of focus determined by the interface optics and the pinhole in the
confocal channel. Because the focus is not changed when altering the path imbalance in the
OCT, the confocal image (linear variation of the intensity received along the axis X in Fig. 3
bottom and the (x,y) map of the intensity in Fig. 4 bottom) does not change with the depth z.
To collect the reflectivity distribution from the volume of the retina, the standalone
OCT/confocal system is operated in transversal regime and successive C-scans are collected
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at different depths17. Ideally, the depth interval between successive frames should be much
smaller than the system resolution in depth and the depth change applied only after the entire
C-scan image was collected. However, in practice, to speed up the acquisition, the translation
stage was moved continuously. The movie in Figure 4 is constructed from a stack of 60
images collected while moving the stage at 40 µm/s. For the 2Hz frame rate this means 20
µm between the frames. In this way, 60 frame-pairs from a volume in depth of 1.18 mm in air
are acquired in 30 s. In the movie in Fig. 4, only 50 frames were retained. The first 6 frames
did not show any features and 4 other frames have been discarded due to blinks and
movement effects.
The design is such that there is a strict pixel to pixel correspondence between the two enface images (OCT and confocal). This helps in two respects: for small movements, the
confocal image can be used to track the eye movements between frames and subsequently to
transversally align the OCT images in relation to each other; for large movements and blinks,
the confocal image gives a clear indication of the OCT frames which need to be eliminated
altogether from the collection.
After the stack of pairs of OCT and confocal images has been collected, the confocal
images are used to transversally align the pairs and hence the OCT images. Due to the
alignment procedure, the transversal size of the images in the final set of aligned images is
reduced from 300 x 300 to 210 x 210 pixels. As a reference for the aligning procedure, the
first confocal image in the set is used.

RNFL
Optic
disc

PL RPE

RPE
and
CC

CC

RNFL

Lamina
cribrosa

Fig. 3. Pair of images from the optic nerve
acquired with the standalone OCT/confocal system
in longitudinal regime at y = 0.
Top image: OCT; Bottom: confocal; Each image
has 300x300 pixels.
Horizontal: ∆x ~ 3 mm in both images; ∆z (only
the OCT image) ~ 2 mm depth (vertical axis,
measured in air). RNFL (bright): retinal nerve fiber
layer; PL (dark): photoreceptor layer; RPE
(bright): retinal pigment epithelium; CC (bright):
choriocapillaris.
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Fig. 4. ( 1 MB) Movie showing the pair of images from
the optic nerve acquired with the standalone
OCT/confocal system in transversal regime.
Top image: OCT; Bottom: confocal. Each image has
300x300 pixels.
Horizontal: ∆x ~3 mm, Vertical: ∆y ~ 3 mm in both
images. The volume is explored from the retinal nerve
fiber layer to the retinal pigment epithelium, along the
optic axis. The OCT image displayed is at the depth
shown by the double arrow in Figure 3 top.
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3. Resolution and safety
Based on the confocal principle, the instrumental depth resolution of a CSLO is limited to a
full width half-maximum IDRC = 300 µm (due to the combined limited aperture of the eye
and aberrations2,5,8). Therefore the accuracy in depth location of different scattering features
and in measuring surface topography and volume is limited. However, interpolation
procedures coupled with peak location software can lead to a much better reproducibility in
the estimation of the peak position in depth. (Topographic reproducibility8 is the ability to
determine the axial location of the centerline of the axial intensity distribution under the
assumption of a single interface layer). For instance, the HRT instrument is quoted as giving
a reproducibility5,18, RC ~ 20 µm. Considering the instrumental depth resolution this means an
improvement factor IF =IDRC/RC = 15 achieved by software processing means, based on
interpolation and peak finding algorithms.
In OCT, the depth resolution is governed by the spectral properties of the low coherence
source, and theoretically, the full width half maximum of the depth sampling profile should be
half of the coherence length of the source, which can easily be much smaller than the
achievable depth resolution of a CSLO. Obviously, the same software procedures as used for
the topography based CSLO can be used for an OCT implementation. Considering the
recently reported19 instrumental depth resolution of OCT in measuring the retina thickness,
IDROCT = 3 µm, and the same value for the improvement factor extended to the OCT case, IF
=IDROCT/ROCT, a depth reproducibility ROCT ~ 0.2 µm would seem achievable. This shows the
tremendous potential of OCT in providing high depth resolution. However, improvement in
the instrumental depth resolution of OCT does not necessarily attract the same improvement
in the final resolution when measuring tissue, as pointed out by comparisons between OCT
images and histology20 and due to the inherent movements of the retina. Variations in the
indices of refraction of the intermediate layers up to the depth of interest, from an average
value considered in OCT measurement, along with polarization effects due to birefringence of
the optic nerve justify discrepancies between OCT and histology. Therefore, micron
resolutions in tissue, although attractive, have to be considered with caution.
To assess the resolution performances of our system, we used a mirror which was moved
axially through the focus of the interface optics. The FWHM of the signal profile was 16 µm
in the OCT channel and ~ 0.9 mm in the confocal channel. All the depth values are measured
in air. Thickness in the retina can be found dividing the axial distances by the index of
refraction19, n ~ 1.36. The depth resolution of the confocal channel can in principle be
improved to 0.3 mm by using a high NA interface optics and a sufficiently small pinhole.
However, as long as much better depth resolution is achievable in the OCT channel, a low
depth resolution in the confocal channel, sufficient to eliminate the reflections from the
cornea, is acceptable. This allows a sufficient good quality CSLO image to be generated based
on a small percentage of the signal reflected by the retina with the majority of the signal
remaining in the OCT channel.
For simplicity, in what follows we will approximate the OCT depth resolution as 20 µm
(in air) throughout the depth range, although for superficial layers, this may be close to the
instrumental depth resolution, of 16 µm (as measured in air), while for deeper layers, larger
values are expected due to scattering and uncompensated dispersion in the OCT system21.
Due to an 1/e2 beam diameter to the eye of 2.5 mm, the transversal resolution is expected
to be ~ 15 µm, the same in both channels as reported elsewhere when using either confocal8
instruments or OCT14. Using this value as an approximation for the lateral pixel size, we can
evaluate the maximum exposure time, according to the same procedure presented in
reference22. For a line of 3 mm covering the retina (as a minimum to scan the optic disk), this
gives 200 pixels. Taking into account the line rate of 700 Hz and the frame rate of 2 Hz,
investigation with 250 µW is allowed for many hours23 at 850 nm. Seen from a different
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perspective, the power in our system is 4 times less than the power used in the commercial
OCT instrument13 which should allow 4 times longer exposure.
4. Method
4.1. A’-scans
When en-face OCT is used, equivalent A-scans can be built using a stack of en-face images

1st
peak

2nd peak (considered
the deepest)

Fig. 5: Example of a software inferred A’-scan from the set in Figure 4, pixel 180x180,
in a grid of pixels counted from the corner top left, up to 210 x 210 along X and Y axes.
The continuous profile represents an interpolation over 60 points, one point for each
OCT frame in the set, collected at a certain depth. Horizontal scale: Image number.
Vertical scale: arbitrary units for the magnitude of the OCT signal. Interpolation was
used to cover for the 4 frames removed from the collection.

collected at different depths. After the stack of images is aligned to eliminate the transversal
movements between frames, a depth profile can be constructed for any (x,y) pixel by building
the dependence of brightness versus the frame number. We will call such a depth profile, an
A’-scan. In a similar way as CSLO is used for depth profiling8, individual software A’-scans
are inferred from the stack of aligned OCT images. One such A’-scan is represented in Fig. 5.
In opposition to the CSLO however, the sampling interval in our system can be smaller than
the instrumental depth resolution. As another difference, troughs and pronounced minima are
registered in the A'-scans for some depths positions where the reflectivity is low, as for
example when collecting signal from the photoreceptor layer (PL). In CSLO, even when the
depth is adjusted for the PL, the signal is high due to the larger depth profile than the retina
thickness, which allows collection of back-reflected light from the high reflective fiber layer,
retinal pigment epithelium and choriocapillaris.
For the example presented, the sampling interval was equal to the IDROCT = 20 µm. More
frames can be collected at finer depth interval, with the consequence increase in the
acquisition time. Compared with the HRT, the same depth range of 1.18 mm would be
divided in 31 intervals, which gives 38 µm sampling interval.
4.2. Topography
Due to the multiple peak appearance A’-scans, a criterion is required for selecting the
reflectivity peak that determines the depth position of the surface, the first peak, the highest
peak, or the first peak with an amplitude above a certain threshold.
The very issue of building the height profile requires special procedures to cover the
encountered discontinuities in the A’-scans. Such discontinuities arise due to the eye
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movement, micro-saccades and due to the pulse that displaces tissue near the optic nerve
head. The narrower the instrumental depth sampling interval, the more susceptible the
topography method becomes to errors, due to movements or discontinuities in the reflectance
profile.
For an image of 210x210 pixels there are 2102 A’ scans to be evaluated. We reduced the
number of samples by superposing A’-scans obtained from 6x6 adjacent transversal positions.
This provided an averaging over both transversal and axial directions. Transversally, this
results in an increase in the lateral pixel size while axially this leads to a smoothing of the A’scans which provide an average A'-scan more tolerant to discontinuities due to artifacts. For
comparison, the topography is provided by the HRT in a matrix of 16 x 16 elements. For an
angular scan of 100, the HRT element would have a size of ~ 0.2 mm x 0.2 mm. 6 x 6 adjacent
pixels leads to a matrix of 36 x 36 elements out of the area of 210 x 210 pixels of the aligned
images in our case. This results in an element size of 60 µm x 60 µm. An optimum in the
number of pixels to be averaged can be found only by imaging a large number of eyes. For the
particular eye imaged here, 6 pixels seemed a good compromise between the required average
and smoothing of the interpolation procedure and the deterioration of the transversal
resolution.
Topography means in fact finding the depth position of a single layer surface. When the
object is multi-layer, the problem is complex and a choice has to be made. Either the depth of
the first scatterer or the depth of the scatterer with the highest backreflected signal is “sought”
by the searching procedure. For this demonstration a simple thresholding method was applied.
For too low a threshold, noise is collected while for too large a threshold, no peak may be
detected. The optimum value of the threshold was adjusted until the position of the first peak
in depth was consistent with the frame number in the collection, 1 to 60, which started to

B

A
(a)

(b)

(c)

(d)

Fig. 6. Topography of the first surface, 186 x 186 pixels (1.9 mm x 1.9 mm). Depth map
(values in color bar, the frame number, depth could be inferred by multiplying the frame
number by 20 µm). (a):View from the top , along the z direction; (b): 3D view; (c): as
seen from direction A in b; (d) as seen from direction B in b. The vertical arrow in (c)
denotes the transversal position of the A’-scan in Fig. 5.
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show a bright pixel. The topography of the first surface is represented in Fig. 6(a) and 3D
views in Fig. 6(b-d). 14 more pixels have been removed from each side to avoid the edge
effects, so the en-face image size is only 186 x 186 pixels.
It is also possible to produce a surface topography of deeper layers. This would be like
effectively “looking” under the first surface “seeking” for features below the layer
corresponding to the first peak. This can also be repeated for a third and so on, higher
sequence peaks in depth.
To build the topography of the deepest layer, we searched for the first peak starting from
the end of the A’-scans. We obtain similar representations as in Fig. 6 and represent both
surfaces in Figure 7. Due to the high depth resolution of the OCT, the two surfaces are clearly
discernible. We can approximate these two surfaces as corresponding to the retinal fiber layer
and the choriocapillaris (please see Fig. 3 top, and Fig. 2 in reference19). The first peak in Fig.
5 contributes to the surface as shown by the arrow in Fig. 6c and to the top surface as shown
by the arrow in Fig. 7c. The second peak in Fig. 5 contributes to the deepest surface as shown
by the arrow in Fig. 7c.

(b)

(a)

A
(c)

(d)

Fig. 7. Topography of the deepest surface, 186 x 186 pixels transversal (1.9 mm x 1.9 mm).
Depth map (values in color bar, the frame number, depth could be inferred by multiplying the
frame number by 20 µm; the color map is different than that in Fig. 6.); (a): as seen from the top;
(b): 3D view; (c): first and the deepest surfaces seen from the direction A in (d); (d): 3D views of
the first and the deepest surfaces (Fig. 6(b) and 7(b) superposed).
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4.3. Measurements:
For topography measurements of the optic nerve, a similar procedure to that performed by the
HRT is employed5-7.,9. An arbitrary circle is drawn around the optic disk of the first image in
the confocal set, as shown in Figure 8. The poorer depth resolution of our confocal channel, ~
0.9 mm, in comparison with the depth resolution of the HRT, 0.3 mm, does not affect the
analysis which follows, because we do not process the confocal images in depth. 180 A’-scans
are collected for each point, (R, θ) positioned on the circle in Figure 8 at polar step angles θ of
900

1800

00

2700
Fig. 8. The first image in the confocal set showing the contour line in red where A’ scans
are calculated (300 x 3000 pixels).

2°. Each A’-scan is made of N = 60 points.
Starting from points situated on the circle in Fig. 8, the depth position of the first
significant peak in each A’-scan profiles is sought. Representing the depth position of such
peaks on the polar angle θ, the depth variation in Fig. 9 is obtained. The profile is similar to
the contour line variation height diagram produced by the HRT5.
For the demonstration of areas and volume measurements, the circle drawn on the
confocal image in Figure 8 is taken to be the edge of the optic disk area. Estimating the
original confocal image as of 3 mm by 3 mm, the optic disk area results as 2.63 mm2.
The HRT procedure5,7 relies on the definition of two planes, a reference plane and a
surface plane. In our case, the surface plane of the retina is chosen at the depth of the frame 12
(220 µm), which corresponds to the mean height of the surface in Figure 9. The reference
plane is chosen at 50 microns below the surface plane, following the HRT procedure5,7. Two
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Fig. 9. Depth of the first surface, calculated from the depth position of the first peak in each A’-scan
(such as that in Figure 5) originating on points situated on the contour drawn on the confocal image from
the first frame in Fig. 8.

horizontal lines in Figure 9 show the depth position of the two surfaces. The area below the
surface is called the effective area and the area below the reference plane is considered as the
cup area. Volumes can be defined similarly, a list of these areas and volumes is presented in
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reference7. It is hoped that these measurements can help an automated classification of the
optic nerve shapes as belonging to the category of normal or glaucomatous eyes.
The results of the measurements are shown in Figure 10 left. The volunteer has had his
eye assessed with the HRT. As far as possible the disk areas were adjusted to be the same.
These areas are the starting point of the topographic measurements. Errors could not be totally
avoided, as the two instruments are at different sites. Differences are noticed between the
results obtained with the en-face OCT and with the HRT. A Cup/Disk area ratio of 0.44
results in comparison with the 0.329 value returned by the HRT. The value of other
measurements in Fig. 10 can be compared with the HRT results presented in the Table 1.
4.4. Simulated Longer Resolution Lengths:
To eliminate the discontinuities in the A’-profiles, 6x6 pixels have been put together as
mentioned before. It is possible to perform a similar averaging procedure in depth. This is
equivalent to sampling the tissue in depth with a coarser depth resolution, in the same way as
suggested by us in a previous publication where we discussed en-face OCT imaging with
adjustable depth resolution24. Depending on the number of frames from adjacent layers which
are added together to produce one frame, the equivalent depth resolution is increased over the
instrumental depth resolution, IDROCT. Such a procedure results in a smoothing of the A'scans. In this way, we can “fabricate” a set of images with the instrumental depth resolution of
the HRT and evaluate the effect on the measurements. To achieve this goal, we superposed
each 15 adjacent OCT images in the set of aligned en-face OCT images to generate images
with an equivalent of 300 µm sampling interval (this is an approximation, considering the
resulting depth sampling interval as 15 x instrumental depth resolution approximated as 20
µm). The 300 µm value is specifically targeted as this is usually considered as the CSLO limit
of depth resolution in the eye, and similar to that of the HRT. The results of measurements
performed on the software fabricated set, are shown in Figure 10 right and Table 1. The result
for the cup area is now smaller, closer to the value obtained with the HRT.
The depth resolution decreases with the number of adjacent en-face images which are

Fig. 10. Colored map topography of the first surface. The colored areas
correspond to: green, the area above the surface, blue, the area between the
surface and the reference plane and red the area below the reference plane.
Values for areas are given in the Table 1.
Left: data were processed using the OCT depth resolution;
Right: data from the fabricated set of 300 µm depth resolution.

superposed. Therefore, further studies are necessary to find the optimum number of frames to
be superposed, as a compromise between the ease in locating the peaks in the A’-scans and
the error magnitude in area and volume measurements.
Differences are noticed between the quantitative measurements of the optic nerve taken
with the commercial confocal retinal tomograph (HRT) and with our en-face OCT based
retinal tomograph. Different sources of errors are possible. First, the two instruments are at
two different sites and a perfect match of the areas imaged was not possible. Second,
instrumental differences may play an important role. The different wavelength may be
responsible for some of the differences observed, 675 nm (HRT) and 850 nm (OCT).
Reflectivity and penetration depth of radiation of different wavelengths from visible up to
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infrared was quantified in different reports, which show that longer wavelengths penetrate
deeper3,25-27. However, it is difficult to quantitatively assess, taking into account the
complicated shape of the optic nerve, how the penetration depth influences the measurements.
CSLO at longer wavelengths have been reported3,27,28, however the authors are not aware of
any comparative study of how the volumes and areas values measured with CSLO depend on
wavelength.
Table 1. Comparative results for the areas and volumes in the optic nerve measured with en-face OCT and with HRT.

Parameter\System used
Disk Area (user defined-whole disk)
Effective Area (RED&BLUE)
Rim Area (BLUE&GREEN)
Cup Area (RED)
Volume Below Reference (Cup Vol.-RED)
Cup/Disk Area Ratio

OCT
20 µm
2.63 mm2
1.613 mm2
1.63 mm2
1.16 mm2
0.241 mm3
0.44

OCT
300 µm
2.63 mm2
1.492 mm2
1.669 mm2
0.949 mm2
0.234 mm3
0.36

HRT
300 µm
2.607 mm2
1.462 mm2
1.748 mm2
0.859 mm2
0.250 mm3
0.329

It is interesting to notice that the coarser depth resolution set, obtained by putting together
15 adjacent en-face OCT images, provides measurement values closer to the HRT
measurements. This may indicate that the depth resolution may play a role in explaining the
differences noted. It is however too early to speculate based on only one eye investigated that
coarser depth resolution results in smaller cup areas and larger rim areas. Given the
importance of statistical relevant topography measurements for the follow-up of the
glaucomatous eye, such a study may be worth pursuing on a large number of patients.
4.5. Utility of the confocal channel
To perform topography in the way illustrated in the paper, the confocal channel is not
absolutely necessary. The topography was performed using the en-face OCT images.
However, the dual representation unique for our system has helped in two respects:
(i) The relative movements of the confocal images is easier to track than the movements in the
en-face OCT images. The OCT image may not show anything or be so fragmented that it
cannot be processed. For instance, any alignment procedure would need to track relevant
features in the stack of images. The chosen feature may or may not appear in the displayed
image, depending on the retina inclination and the depth. This is in contrast to the confocal
image, which looks more continuous even when largely out of focus.
(ii) The depth profile is evaluated along a contour drawn around the optic disk. This contour
can be for instance drawn over an image resulting from the superposition of all the OCT
images in the stack. Such an image would correspond to an image with a larger depth
sampling interval, practically equal to the exploration interval. However, we believe that such
a procedure would deprive the image of its transversal quality, and therefore, the confocal
image is better suited for drawing the contour.
5. Conclusions
The paper demonstrates that the OCT technology, performed en-face, could be a potential
candidate for topography as well as for area and volume measurements of the optic nerve. The
paper presents for the first time such topography and measurements, obtained using en-face
OCT. The en-face OCT addresses the incompatibility in the aspect of current CSLO and OCT
technologies, images acquired with the two technologies could now be easily compared. The
compatibility in aspect of the images produced by CSLO and en-face OCT allows the
application of all procedures initially developed around CSLO technology to be extended to
the en-face OCT technology. This paper is a first demonstration of such a possible extension.
The same procedures developed for CSLO topography have been extended to the en-face
OCT.
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The en-face OCT imaging seems more suitable to perform topography than the
longitudinal OCT imaging. If the object is a surface oriented perpendicular to the optic axis,
the en-face OCT can provide the topography in one single frame, while longitudinal OCT
requires interpolation of many A-scans. In practice however, the object is more complicated.
The same single surface if oriented obliquely to the optic axis also requires interpolation of
the points in the axial direction from en-face slice to the next en-face slice progressing in
depth. The en-face OCT based topography provides continuous surfaces, rectangular to the
optic axis and requires interpolation in depth. The longitudinal OCT based topography
provides continuous profiles in depth and requires lateral interpolation. For the same data rate,
sampling intervals and number of pixels the two methods may be very similar. However, the
en-face OCT imaging may allow a quicker inference of the approximate topography profile.
The approximate topography may be visible in the very process of frame acquisition (as seen
in the movie in Figure 4), which is not possible to grasp when performing longitudinal OCT.
In longitudinal OCT, all the volume data needs to be acquired and software processed before
any surface with orientation rectangular to that of scanning direction could be generated.
The major source of measurement variation from successive examinations is patient
realignment and instrument adjustment. The possibility of working en-face allowed us to
realize how critical for the OCT images is the orientation of the eye, which may not be so
obvious in longitudinal OCT. In the longitudinal OCT, when the retina surface is inclined, the
final image shows layers oriented along diagonal directions deviating from horizontal
(considering an x,z or an y,z image). The tilt has a different effect in the en-face OCT image,
visible in the fragmentation and asymmetry of the en-face image. A horizontal tilt will lead to
more fragments either left or right while vertical tilt will result in more fragments either up or
down in the image. The vertical tilt (inclination in respect to axis y) is not visible in
longitudinal OCT performed horizontally (i.e. in the x,z images) and the horizontal tilt
(inclination in respect to axis x) is not visible in the longitudinal OCT performed vertically
(i.e. in the y,z images). However, the en-face OCT shows the surface tilt in a single image.
This can be noticed in the movie in figure 4. The transversal distribution of fragments indicate
the tilt orientation directly. Longitudinal OCT performed at many radial orientations around
the center of the image can show the spatial orientation of the retina surface, but this is
obtained only after full collection of data is performed. This may require the investigation to
be repeated if the tilt was too high and some of the slopes in the surface to be constructed
could not be detected.
Due to the high depth resolution, OCT allows better differentiation of layers than CSLO
and additionally, topography of deep layers. An illustration was presented in providing the
topography of the choriocapilaris layer, along with the topography of the retinal nerve fibre
layer. If topography of deep layers can be performed accurately and reproductively, new
information can be provided to the ophthalmologist, in addition to the information currently
collected using the CSLO technology. It is hoped that further refinements of the technique and
software procedure may allow the standalone OCT/confocal system to be successfully applied
to topography of the macula29,30.
This paper describes measurements collected with the HRT and the en-face OCT
instrument from only one eye. The intention was to demonstrate the viability of en-face OCT
based topography and not to make a thorough statistical analysis of the measurements
provided by en-face OCT nor to compare the reproducibility of OCT with that of CSLO.
Large number of eyes need to be imaged to prove the validity of the method for diagnostic
purposes. Such a study, if performed, may suggest new procedures for better area and volume
measurements. For instance, the high depth resolution may allow a better definition of the
reference plane or a complete change in the measurement strategy, where strong localised
reflections can be used as reference (for instance the RPE or the choriocapillaris layer).
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