WHITE PAPER: Hyperparallel Coherence
Tomography and its application to Anterior
Chamber Metrology
SUMMARY
We describe here a parallel 3D spectral metrology technique, termed Hyperparallel Coherence
Tomography, that captures simultaneous A-scans on a 2D lateral grid which provides accurate
metrology of the anterior chamber of the eye for a number of diagnostic and clinical applications. In
particular, accurate corneal topography and corneal thickness data is desirable for fitting contact
lenses, screening for diseases and monitoring corneal changes. Hyperparallel Coherence
Tomography overcomes many of the limitations of other techniques and, in particular, is insensitive
to patient movement due to the rapid capture rate of the scan data.
Hyperparallel Coherence Tomography enables measurements of the elevation and curvature of
anterior and posterior corneal surfaces that are robust to sample movement whilst its ability to
capture multiple simultaneous surface measurements greatly improves the ability to register
consecutive frames and enable aggregate measurements over a finer lateral grid.

INTRODUCTION
Accurate metrology of the anterior chamber of the eye is useful for a number of diagnostic and clinical
applications. In particular, accurate corneal topography and pachymetry (corneal thickness) data is
desirable for fitting contact lenses, screening for diseases, monitoring induced corneal changes
(orthokeratology) and pre-operative planning/intra-operative monitoring for corneal or cataract
surgery. Corneal topographers based on the Placido disk principle represent the current gold
standard for measurement of corneal curvature and elevation. These are able to achieve accuracies
in elevation of one micron or less but typically are limited to a measurement field of 11mm diameter
or less and provide no pachymetry information. Scanning slit topographers based on the Scheimpflug
camera principle are able to measure a wider field and also measure pachymetry. However, the
accuracy of their corneal topography data for in vivo subjects is typically much worse due in part to
issues with patient movement and long acquisition times.
Anterior OCT systems can be used to measure the metrology of anterior chamber surfaces, however
accurate curvature measurements for single point OCT scanning systems are known to be very
sensitive to patient movement in both transverse and axial directions [1]. Without correction, patient
movement can cause in excess of 1 diopter error. Whilst Doppler measurements have been
proposed as a method for compensating for movement in the axial direction, movement in the
transverse direction can also give rise to significant errors.
For anterior metrology, we employ a snapshot capability over a transverse grid covering at least 15
mm x 7.5 mm with a sample depth range of at least 7.5 mm. For a grid spacing of say, 300 µm this
implies 50 x 25 = 1250 simultaneous A-scans. A matrix approach to surface estimation over a sparse
grid enables improved ability to register subsequent 3D snapshots, and by scanning over small
angles, achieve a much finer effective pitch. To this end, we have developed a parallel 3D spectral
OCT solution, which we call Hyperparallel Coherence Tomography, based on standard optical
components comprising 2D microlens arrays and a 2D sensor as path towards a cost effective
implementation.
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HYPERPARALLEL COHERENCE TOMOGRAPHY
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A simplistic schematic of the system used to demonstrate a possible implementation for
demonstration purposes of Hyperparallel Coherence Tomography is shown in Figure 1 below.
!
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Figure 1. Schematic of Hyperparallel Coherence Tomography setup.

A Superluminescent Laser Diode (SLD) with a bandwidth of 32 nm, centred at 810 nm with 1 mW in
the sample arm is incident upon a 250 µm pitch lenslet array to form a grid of beamlets which are
relayed onto the sample. In this first demonstration [2], the NA is chosen such that the spot size on
the sample is 20 µm. The reflected signals are collimated by the sample lenslet array and, combined
with the reference beam, are relayed to a second lenslet array before being dispersed and focused
onto the sensor. The FWHM spot size on the camera was 10 µm. An advantage of a parallel
approach is that, due to the extended nature of the source, there is an increased eye safety margin
compared to that of a traditional scanning approach. In addition, by employing a pulsed source, we
are able to exploit higher peak power levels whilst maintaining safe CW levels.
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The lenslet array is tilted with respect to the spectral axis as shown in Figure 2(a) so as to ensure that
the interferograms for each beamlet do not overlap (Figure 2(b)). In general, for a given source and
sensor size there is a trade-off between the number of simultaneous A-scans and the imaging depth.
However, in this demonstration we reserve one complete row of 2752 pixels for each dispersed
beamlet (out of total of 2200 rows). In addition, we allocate an effective guard band to limit crosstalk
between beamlets by spacing the beamlets 4 rows apart in the non-dispersive axis. This is a
conservative approach to allow for aberration-induced variation in spot size across the camera.
Crosstalk between beamlets is further reduced by careful choice of apertures. Signal loss and
unwanted reflections are minimized by using polarization-based optics.

(a)

(b)

Figure 2. a) Orientation of non-dispersed beamlets onto CCD (pixel size 4.54 µm). In this first
demonstration the lenslet array is rotated such that center beamlets are spaced 6 rows of pixels apart
to avoid crosstalk. The lenslet pitch is 250 µm. b) Raw interferogram of dispersed beamlets, zoomed in
to show 7 rows of 9 beamlets

Results
The depth profile obtained from the dispersed interferograms for the case of a model eye is shown in
Figure 3(a) overleaf. The apparent large curvature seen in each row of beamlets is best explained by
reference to the fitted surface shown in Figure 3(b) where the surface is obtained by mapping each
beamlet on to its associated lateral coordinates. Some care is required in calibration of the path
length as the varying incident angles onto the grating for each beamlet gives rise to small but
significant differences in their effective Nyquist range.
The surface profile results for a calibration sphere (radius 8 mm) are shown in Figure 3(b). The RMS
error for a single frame with respect to a fitted sphere was 1.0 µm. Small residual systematic errors
are due to the effect of conical diffraction and will be accounted for in future work. The drop off in
sensitivity with lateral position is largely due to the Gaussian beam intensity profile across the lenslet
array. Another advantage of sampling on a spatial grid is that it enables finer spatial coverage over
the entire lateral extent (15 mm x7.5 mm) with a small dithered scan in the sample arm (< 250 µm).
Figure 4c. shows 1 of 15 simultaneous B scans obtained by dithering along the y-axis.
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Figure 3. a) Depth profile for calibration sphere. of radius 8 mm. b) Surface fit to calibration sphere.
Units in µm. RMS error of 1.0 µm.
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Figure 4. a) Depth profile for Porcine Cornea with 25x15 beamlets on a 300 µm grid spacing. Vertical
axis plotted for beamlets as ordered on sensor, depth in µm. b) B-scan and fitted surface
extracted from dithering of sample beams (c) B-scan of Anterior angle.

With improved optical design and larger (and faster) 2D CMOS image sensors we expect to be able
to measure the Anterior Chamber (7.5 mm range) with more than 1000 simultaneous A-scans at
rates in excess of 150 frames per second. As a final comment we also note that this parallel
approach enables phase stable measurements across all 1000 beamlets.
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For more information, check out our website, www.cyliteoptics.com, or email us at
info@cyliteoptics.com.
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