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patients with a lower magnitudes of preoperative (0.30
µm or less) ocular HOAs tend to have greater induction of
HOAs postoperatively after wavefront-guided ablation.19,20
However, the interaction of aberrations is also a determinant of visual quality. Based on these findings, a prolate
ablation or wavefront ablation can be planned based on the
magnitude of HOAs preoperatively. Using the OPD Scan
II, patients can be screened for corneal or lenticular contraindications. Additionally, selection of the correct laser
algorithm is possible for candidates undergoing excimer
surgery.
Wavefront-guided ablation has reignited the controversy
regarding centration of the laser ablation. Initially considered a problem only in hyperopic patients due to angle
kappa, the benefits of centration closer to the visual axis
in myopes have been documented by 2 recent studies.21,22
Better optical quality by centering on the “visual axis ” in
myopes has been reported.21,22 Currently, the OPD Scan II
is the only unit with an automated, repeatable method of
measuring the difference between the line of sight (pupil
center) and the “visual axis” (coaxially sighted corneal
light reflex) and transferring these data to an excimer laser
(Figure 7-37). The measurement of difference in pupil center (either mesopic or photopic) and visual axis is possible
with this unit due to the combined corneal topography and
aberrometry measurements on the same optical axis.
Custom ablation treatment of normal and postsurgical
eyes requires meticulous measurement in order to negate
spurious data that may be incorporated into treatment
planning. One method to mitigate measurement errors is
to repeat measurements and average all maps. The OPD
Station incorporates an averaging function that averages up
to 10 measurements to yield a composite map. The option
to exclude maps of lower measurement quality is provided
in order to reduce the effects of inordinately high or low
values.
The field of excimer laser surgery continues to advance
from treating solely refraction a decade ago to incorporating the treatment of HOAs of the cornea or the entire eye.
Corneal topography data and ocular spherical aberration
from the OPD Scan II are used in optimized prolate ablation
algorithms (OPA) to create a physiologically prolate cornea
over the entire mesopic pupil. The corneal surface data are
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Figure 7-37. Pupillography with the OPD SCAN II presenting
a hyperopic patient with a large angle kappa. The pink circle
denotes the photopic pupil shape, PDist denotes the distance
between photopic pupil center and the visual axis, MDist
denotes the distance between the mesopic pupil center and
the visual axis. The pink and blue crosses represent the photopic and mesopic pupil centers.
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used to create a compensation matrix that addresses the loss
of excimer energy as the ablation moves peripherally. The
ocular spherical aberration is used to create a target spherical aberration value postoperatively while maintaining
physiologic corneal asphericity. Without topographic data,
an accurate asphericity target cannot be calculated. In a
prospective, contralateral, randomized study of 32 myopes
who underwent LASIK with OPA in one eye and conventional ablation in the fellow eye, the refractive outcomes
were similar between groups. However, the best-corrected
visual acuity, postoperative HOAs, spherical aberrations,
and contrast sensitivity favored the OPA group.23 The
authors attribute these outcomes to the postoperative prolate corneas and the inclusion of corneal topography and
OW data.23
In conclusion, the combined use of corneal topography
and wavefront data aids surgeons to achieve excellent
refractive outcomes following cataract surgery, phakic IOL
implantation, and LASIK. The OPD Scan II is a unique
combination corneal topographer and aberrometer that aids
the clinical assessment, surgical planning, and postoperative assessment of surface and intraocular surgery.

TOPO-ABERROMETRY WITH KERATRON ONDA
Renzo Mattioli, PhD; Massimo Camellin, MD; and Nancy K. Tripoli, MA

T

he Keratron Onda (Figure 7-38) is a combined instrument, developed and produced by Optikon 2000
SpA (Rome, Italy) to measure corneal topography
(CT) and aberrations of the total OW contemporarily. The

instrument also tracks and measures the pupil in photopic
and scotopic or mesopic conditions and performs dynamic
pupillometry. It is able to evaluate patients’ residual capability to accommodate by measuring the OW in different
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resolution at the cornea of 128 µm. It can measure wavefront over a pupil area up to 7 x 7 mm, within a sensor area
about 7.9 x 10.5 mm. The light source for the retinal reflex
is a low-coherence, low-power collimated beam (<30uW at
λ = 840 nm), well within safety limits.
The instrument embeds a PC of ETX type with WinXPe
and is equipped with a 7” wide screen color display with
touch-screen user interface. It can process both CT and OW
sensor images immediately following acquisition and/or
transfer them to the Keratron Scout software. This allows
tests to be printed, saved, edited, and analyzed using all the
features previously developed for Keratrons. For example,
tests can be compared over time, test repeatability checked,
images edited, contact lenses designed and fit, and lasers
linked. All information about corneal topography implemented on previously developed Keratron models is available, including the Maloney and CLMI indices.

Figure 7-38. The Keratron Onda.
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conditions of accommodation.24 The name “Onda” means
“wave” in both Italian and Spanish.
The Onda is the latest in the successful line of Keratron
instruments. The Keratron has been the first reflection-type
corneal topographer that is not spherically biased to introduce color-coded maps of the instantaneous (ie, local or
tangential) curvature (1993) 25,26 “spherical offset” height
maps and the “move axis” feature (1994) 27 and CW analysis
(2001) 28,29 —all of which are rigorously underpinned by
an arc-step algorithm that guarantees submicron accuracy
measurements30,31 and high spatial resolution maps even
of irregular corneas (see Chapter 5, “The Keratron Corneal
Topographers” section).
The IW, produced by refraction through internal ocular
structures, can be calculated as the difference between the
OW, captured by aberrometry, and CW, derived from corneal topography. All of these wavefronts can be represented
by all of the analysis tools available in the Keratron Scout
software, including Zernike terms (RMS, skyline, histogram, and aberrations summary) and visual simulations
(Visus, PSF, MTF; see Chapter 5, “The Keratron Corneal
Topographers” section).

D

Basic Features
As a corneal topographer, the Keratron Onda shares
similar features with other Keratrons: accuracy, corneal
coverage up to 80% to 90%, and a wide range of curvature
measurement (from 0 to 130 D).32,33
The aberrometry acquisition system includes a high-resolution motorized system to compensate for defocus from
higher than +6 D to lower than -11 D. This allows measurement of myopic and hyperopic patients from -20 to +10 D (at
vertex distance of 14 mm), although there is a proportional
reduction of the maximum measurable pupil at extreme values. The OW is measured in the image space. The sensor is a
Microlens Array (MLA) designed by Optikon, with a spatial

Corneal Topography
and Wavefront Aberrometry
in a Single Instrument:
Technical Solutions

Retro-Mires

To combine topography and aberrometry in a single
instrument presents several challenges. First, there must be
a compromise between corneal coverage and the range of
measurable aberrations. A good arc-step analysis of reflective topography requires that mires are equally spaced. The
central hole in the Dekking cone or placido disk must be
very small and distant so that its reflection does not leave a
gap in the center. In Keratrons, this hole diameter is around
6 mm at 70 mm distance from the cornea. However, aberrometry requires a visual field larger than the maximum
pupil and optics closer to the eye so that all rays of the wavefront coming back from the pupil are collected by the measuring optics. For this reason, topo-aberrometers usually
sacrifice central coverage in their corneal topography, as in
the pattern on the bottom left of Figure 7-39. Furthermore,
CT requires visible light (λ = 550 ÷ 650 nm) to optimize the
reflected mire’s contrast with the iris background, whereas
aberrometry requires near infrared (λ = 780 ÷ 900 nm) so
as not to induce pupil constriction, which restricts the size
of the acquired image.
Optikon handled this problem by adopting a proprietary
system of “retro-mires” as shown in Figure 7-39. The retromires (204, Figure 7-39) are positioned behind a mirror
(207, Figure 7-39) that splits the optical path by their different wavelengths, so they can fill the CT pattern in the center
(Figure 7-39, bottom right). Thus, the Keratron Onda’s mire
pattern is the same as in the other Keratrons, with a uniform
step beginning in the cone center, without compromise.34
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Figure 7-39. Optikon’s proprietary retro-mire method, allows
combining Keratron topography with other measures of the
eye that can be made at the same time without compromising
the efficacy of the Keratron arc-step reconstruction.
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Figure 7-40. The new Keratron Onda cone with ADC compared to a Keratron traditional cone.
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Following the path behind the mirror, the OW can thus be
measured through a central hole much wider and closer
(Ø>12 mm, at about 40 mm from the cornea) than in a
standard Keratron.

D

Eye Position Control System With Analogto-Digital Conversion Compensation

All Keratrons use a proprietary technique involving
2 photocells called the Eye Position Control system (EPCS;
see Chapter 5) 35 that allows acquisition only at a preset distance. In the Keratron Onda, the acquisition of topography,
wavefront, and also pupillometry imaging may require a
longer time and may induce patient movement. Therefore,
the Keratron Onda has larger cells to widen the “OK range”
during which an image can be acquired by a factor of 6.
An analog-to-digital conversion (ADC) measurement in
the “Z axis” (Figure 7-41) has been added. The resulting
configuration compensates for eye movements within about
0.55 mm, resulting in an error less than ±0.1 D when imaging a standard 43.5-D sphere. This is illustrated by Figure
7-42, in which the violet curve shows ADC compensation,
compared to the yellow curve, which shows no compensation. The Z displacement measured by the ADC is recorded
within each image, and if the patients move more than the
allowable 0.55 mm, the operator is warned to discard the
test.

Short Bivalent Cone
Because of the retro-mire solution described above,
the Keratron Onda cone is one-third shorter, and its
hole is twice as wide as other Keratrons. Also, unlike
other Keratrons, which offer 2 cones that can be physically exchanged, the Keratron Onda has 2 pairs of photocells in its EPCS that allow measurement at 2 different

Figure 7-41. Keratron Onda measurements on a sphere at several Z distances, with and without ADC compensation.

distances as selected by the operator from the touch-screen
(Figure 7-43). One distance allows greater corneal coverage, while the other is a less invasive approach that is especially useful when imaging deep-set eyes.

Aberrometry Measurement: Frequency
Demodulation Method Versus Centroids
As in all OW measurements in “object space,” a light
source beam (λ = 840 nm) is projected into the eye to produce a retinal point reflection, which is then projected back
to a lenslet array. In the classic Shack Hartman method,
the displacement (Δx, Δy) of the centroids on the sensor
from their ideal position yields a measure of the X and Y
gradients, and, from the gradients, one can reconstruct the
wavefront aberration map (Figure 7-44).
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Figure 7-42. The short “bivalent cone” of the Keratron Onda
allows the operator to choose quickly between “near” and
“far,” to get either greater corneal coverage or a less invasive
approach for deep-set eyes, without needing to remove the
cone and recalibrate.
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Figure 7-45. In this case, due to a bad sensor image, the reconstruction of gradients and the OW map are affected by “phase
jump” artifacts.

for use with different sensors,36-39 one of which was
well described by Dr. Edwin Sarver at the International
Wavefront Congress in 2006.40 In the FFT transform of
the sensor image, the 2 small areas circled in red in Figure
7-45 contain all the information we need about the X and
Y displacement of a regular orthogonal lenslet projection.
Then, by anti-transforming the FFT, centered and masked
at these points, we get maps of the phases (Figure 7-45,
bottom left), and then a so-called “phase unwrapping” procedure41 reconstructs the gradients X and Y (Figure 7-45,
bottom right). The abrupt phase jump from black to white
(Figure 7-45, bottom left) shows that, in the sensor image,
the centroids have shifted to an adjacent “cell.” The next
phase jump from white to black indicates that they have
shifted “2 cells away,” and so on.
In practice, this method offers the advantages of a larger
dynamic because the centroids are not constrained in their
cells, and the Keratron Onda can measure wider aberrations, robustness in calculations, and fidelity in reconstruction of the aberrations.42 The limits of the method are that
calculations are somewhat slower and some “phase jumps”
are not corrected by phase unwrapping as discussed below.

A
R

D

Figure 7-43. Classic method of measuring x,y gradients from
the centroids displacement and then extracting the wavefront
from the gradients (or from the Zernike gradients best-fit to the
wavefront gradients).

Phase Jump
Detection

Figure 7-44. Keratron Onda’s frequency demodulation method
to get gradients from the wavefront sensor image.

The limit of this method is that the centroids are measurable only while they stay within their cells as in Figure
7-44A, and a more highly distorted pattern might not be
measurable, as in Figure 7-44B.
The Keratron Onda employs another method, using
frequency demodulation in the FFT domain (Figure 7-45).
Methods of this type have been devised by several authors

Artifacts

and

Their

Due to an opacity in the subject’s crystalline lens and
cornea reflections in a poor sensor image, phase unwrapping created a “phase jump,” making the map in Figure
7-46 unreliable. Such a situation is analogous to a “ring
jump” in placido corneal topography. In this situation,
double-clicking on the sensor image, as in Figure 7-47, will
show maps of the X and Y gradients. The user can accept
the acquisition and fix the artifact later or redo the acquisition at once.
In Figure 7-40, the same eye has been acquired again
with better centering. The reflections are reduced, and
we can see correct reconstruction of the gradients and the
resulting correct OW map, in spite of some crystalline lens
opacity.
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Figure 7-46. The operator can double-click on the wavefront
sensor image to detect phase-jump artifacts on a topo-aberrometry test just after acquisition.
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Figure 7-48. Mesopic-scotopic (IR=infrared) and photopic
(VL=visible light) pupil images and sizes are shown just after
topo-aberrometry acquisition.
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Figure 7-47. The operator acquired the same case as in Figure
7-45 again. This time, in spite of opacities in the crystalline
lens, the reconstruction of gradients and the OW map are
correct.

Pupillometry

In addition to corneal topography and wavefront aberrometry, the Keratron Onda acquires and measures the
patient’s pupil in 2 extreme conditions: “scotopic,” which
is taken in infrared light under mesopic conditions, and
“photopic,” taken about 1 second after turning on the LEDs
(Figure 7-48). Actually, the instrument captures an entire
movie sequence of images under these changing conditions,
an example of which is shown in Figure 7-49. After turning
the LEDs on, we can see that it takes about 800 milliseconds for the pupil to go into miosis. This sequence can be
recorded at up to 50 fps and saved in the PC for further
analyses.

Acquiring Topo-Aberrometry
When “Topo-Aberrometry” (corneal topography +
wavefront aberrometry) is selected with the Keratron Onda
display touch screen, the “Acquisition” screen appears
(Figure 7-50).

Figure 7-49. Dynamic pupillometry can be shown as a slowmotion movie. Here, one of author’s pupils changes from scotopic to photopic conditions over 800 ms. The changes have
been transferred to the Scout software. Pupil size versus time
response to visible light is plotted on the right.

Figure 7-50. Acquisition of a topo-aberrometry test. The
operator can align the patient’s eye and view: the live image
of the topography CCD (1) and of the wavefront sensor (3),
the position of the light beam on the entrance pupil (2), and
the Z distance of the eye according to the EPCS (4). He can
select the near/far distance cone detectors (5) and the defocus
compensation (7) and can activate or deactivate “Auto-RX” (6)
and “fogging” (7) functions.

Tomography and Wavefront Combined Systems

Figure 7-51. The corneal and OWs are shown side by side.
The Rx refractive data at the bottom-center can be calculated
at either a selected, photopic (VL), or scotopic (IR) pupil, with
a single click.
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Figure 7-52. Curvature or axial maps and Sim-K can be shown
on the Keratron Onda display before transferring the topoaberrometry to the external PC with the Scout software.

The patient’s refraction taken from the OW is shown as
“Rx” (see Figure 7-52). This refraction can vary according to the selected vertex distance (VD), cylinder type
(positive, negative, or automatic), and dioptric resolution
(0.01, 0.12, or 0.25 D). Most important, the refraction can
be greatly affected by pupil size, which can be manually
selected between as small as 3 mm and up to a maximum
of the size measured by the wavefront sensor. Alternatively,
the operator can click either of the 2 little round “Rx” buttons to calculate pupil size at photopic (VL) or scotopic
(IR) conditions as measured by the Keratron Onda’s topographic pupillometry feature. Eventually, it will be possible
to input the refraction (Rx) measured by topo-aberrometry
as a “manifest refraction” in the test database for any Scout
software applications (CW, CL, and laser links).
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The operator can choose the type of cone (see Figure
7-50). Wavefront optics compensation for defocus can be
selected manually by sliding a cursor from +6 to -11 D (see
Figure 7-50) or automatically by activating the “Auto Rx”
button (see Figure 7-50). Activating the “Fogging” button
(see Figure 7-50), presets the acquisition to show a fogging
target in 3 or more steps, from virtual “close” (-1 D) to “far”
distance (+1 D beyond the max defocus that he or she can
objectively accommodate). Note that fogging is obviously
unnecessary with presbyopic or pseudophakic patients.
The operator can monitor the acquisition while simultaneously centering the keratoscopic image of the eye (see
Figure 7-50) and paying attention to the wavefront sensor
image (see Figure 7-50). A yellow circle (see Figure 7-50)
shows where the beam is projected into the eye. The beam
should fall within the pupil in order to have a valid retinal
reflection in the screen (see Figure 7-50) but at a distance
from the corneal vertex to avoid corneal parasitic reflections (as also described in Figure 7-45). The EPCS visual
feedback (see Figure 7-50) and its characteristic varying
intensity sound tells the operator when he or she is at the
proper Z distance from the eye.
Pressing the button at the distance of “OK” starts the
“Auto RX” and/or the patient’s “Fogging” phases, depending on which buttons were previously activated. The images
then freeze if the EPCS detects an acceptable Z distance.
Then, the visible LEDs turn on and, after a minimum of
800 ms, an additional image is acquired for pupillometry
with visible light. Finally, the “Preview” screen appears
(see Figure 7-48).
At this point, the operator may decide whether to discard the image and proceed with another acquisition, send
the topo-aberrometric test to an external PC for further
processing and storage, or process the test immediately
(Figures 7-51 and 7-52). Immediate processing allows the
operator to examine the maps and data such as Sim-K (see
Figure 7-52) and refraction without necessarily saving the
entire examination.
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Clinical Cases
Case 1: A 51-Year-Old Patient Who
Underwent Radial Keratotomy in 1989
The topographic map (Figure 7-53B) shows a small
optical zone, which is usual after radial keratotomy (RK)
treatment of moderate myopia, and the irregularities in
the midperiphery that resulted from the 6 incisions. The
OW map (Figure 7-53C) has been set to exclude the low
orders (astigmatism and defocus) because it is important to
understand the influence of the incisions and the resulting
small optical zone on spherical aberration. Coma is also
frequent in RK patients because the asymmetrical bulging
of the radials is usually enhanced in the inferior sector. In
this case, the amount of spherical aberration (0.42 µm) and
coma (0.69 µm) are greater than normal, considering that
this analysis was made at a pupil size of 4.75 mm. Most of
the aberration in this case originates in the anterior cornea
(Figure 7-53D), but the IW (Figure 7-53E) is affected by
the posterior corneal surface, whose distortions match the
incisions. The precise position and number of the incisions
is clearly visible in Figure 7-53A.
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Figure 7-54. Wavefront analysis of a pseudophakic patient. An
HOA due to fibrosis of the anterior capsule can be seen in the
superior sector.
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Figure 7-53. Wavefront analysis of an RK surgical case. Some
internal aberrations are a result of posterior corneal surface
deformation that corresponds to the radial incisions.

Case 2: A 70-Year-Old Pseudophakic
Patient Who Complained of Night Glare

D

Clinically, the implanted IOL was spherical and appears
to be well-centered with respect to the pupil. The corneal topography (Figure 7-54B) is unremarkable, but the
wavefront sensor image (Figure 7-54A) shows an anterior
capsular phimosis with reactive fibrosis in the upper left.
While the total ocular component of coma (0.038 µm) and
spherical aberration (0.24 µm) indicate perfect centering
of the lens, some higher-order irregularities in the superior
sector (Figure 7-54C) upon further analysis appear to be
due to internal aberration (Figure 7-54E).
Thus, the patient’s complaint of night glare is supported
objectively, and one can attribute responsibility to the superior sector of the anterior capsule.

Case 3: A 43-Year-Old Patient Who
Underwent Penetrating Keratoplasty for
Keratoconus in His Left Eye
The patient has high residual astigmatism that results in
poor visual acuity (VA = 5/10) with spectacle correction
(OS -4 sph +6.25 cyl at 65 degrees). Topographic analysis (Figure 7-55B) shows substantial regular astigmatism
(Figure 7-55C). Ocular aberrometry is set to show higher
orders, except coma and spherical aberration, which are
deselected (Figure 7-55C-E). The remaining components
have highly disturbing microirregularities. The OW (Figure
7-55C) is quite similar to the CW (Figure 7-55D). Few components of the IW have opposite signs from the CW, so the
internal aberrations clearly stem from the posterior surface
of the cornea. Therefore, the patient has stromal traction
forces that distort both the front and the rear surface of the

Figure 7-55. Wavefront analysis of a penetrating keratoplasty
for a keratoconus. Some internal aberrations are due to the
deep folds inside the transplant.

cornea. Because the refractive index of the air/stroma interface is much greater than that of the stroma/water interface,
then obviously the posterior corneal distortions contribute
less aberration. However, their contribution is still evident
in Figure 7-55E. Figure 7-55A shows the wavefront sensor grid on which the vertical striae are due to folds of the
donor cornea.

Conclusion
The Keratron Onda measures corneal topography and
aberrations of the total OW contemporarily; tracks and
measures the pupil in photopic and scotopic or mesopic
conditions; and performs dynamic pupillometry. Combining
these functions in a single instrument required redesigning the cone architecture and developing an alternative
for centroid displacement, as well as other adjustments for
increased acquisition time. The Scout software that runs all
Keratron operations coordinates the multiple functions of the
Keratron Onda while offering the operator great flexibility.
Examples of preliminary clinical applications demonstrated
the remarkable advantage of the combined instrument.
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