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The improved designs of intraocular lenses (IOLs) implanted during cataract surgery
demand understanding of the possible effects of lens misalignment on optical perfor-
mance. In this review, we describe the implementation, set-up and validation of two
methods to measure in vivo tilt and decentration of IOLs, one based on Purkinje imaging
and the other on Scheimpflug imaging. The Purkinje system images the reflections of an
oblique collimated light source on the anterior cornea and anterior and posterior IOL
surfaces and relies on the well supported assumption of the linearity of the Purkinje
images with respect to IOL tilt and decentration. Scheimpflug imaging requires geo-
metrical distortion correction and image processing techniques to retrieve the pupillary
axis, IOL axis and pupil centre from the three-dimensional anterior segment image of
the eye. Validation of the techniques using a physical eye model indicates that IOL tilt is
estimated within an accuracy of 0.261 degree and decentration within 0.161 mm. Mea-
surements on patients implanted with aspheric IOLs indicate that IOL tilt and decentra-
tion tend to be mirror symmetric between left and right eyes. The average tilt was 1.54
degrees and the average decentration was 0.21 mm. Simulated aberration patterns using
custom models of the patients eyes, built using anatomical data of the anterior cornea
and foveal position, the IOL geometry and the measured IOL tilt and decentration
predict the experimental wave aberrations measured using laser ray tracing aberrometry
on the same eyes. This reveals a relatively minor contribution of IOL tilt and decentration
on the higher-order aberrations of the normal pseudophakic eye.
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In recent years, there has been a growing
interest in measuring the alignment (tilt
and decentration) of intraocular lenses
(IOLs) implanted during cataract surgery.
The interest has been primarily motivated
by the improved designs of the recent
IOLs, which aim at compensating for
the spherical aberration of the cornea
(aspheric designs) or providing extended
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depth-of-focus (multifocal designs). IOL
alignment effects could be of great rel-
evance in the performance of accommo-
dative IOL designs, which conceptually
work by an axial displacement of the IOL
in response to an accommodative effort.
Questions of clinical interest arise: how do
IOLs stabilise within the capsule? Can the
alignment of the lens change over time,

Clinical and Experimental Optometry © 2010 Optometrists Association Australia

for example, due to capsular fibrosis?
What is the effect of tilt and decentration
of the IOL on optical performance?
Until recently most reports of IOL tilt
and decentration were primarily observa-
tional and the estimates of lens tilt were
obtained by presenting to the subject
fixation targets at different eccentricities
and determining the fixation angle that
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produces an overlap of Purkinje reflec-
tions from the anterior and posterior
lens.! Some studies proposed a systematic
method to measure lens tilt and dececen-
tration based on a linear relation between
the locations of the Purkinje images and
rotation of the eye, tilt and decentration
of the lens in patients with IOLs."?
This methodology was validated and
extensively used by Barry, Dunne and
Kirschkamp®™® in several studies of the mis-
alignment of the ocular components and
was the basis for the instrument that we
describe here.®

An alternative to Purkinje imaging is the
use of direct imaging of the anterior
segment of the eye, from the anterior
cornea to the posterior surface of the
lens, such as achieved in Scheimpflug
imaging.” In Scheimpflug imaging a slit
is projected on the eye (and rotated for
3-D imaging) and the image is formed on
a CCD with a tilted image plane, which
permits anterior segment images with a
large depth-of-focus. The images need to
be corrected for geometrical distortion
(arising from the geometrical configura-
tion of the system) and optical distortion
(arising from diffraction of preceding
ocular surfaces).” Measurements of the
IOL tilt and decentration measured with
Scheimpflug imaging have been reported
in the clinical literature, although in these
instruments optical distortion is presum-
ably not corrected.'”'® Custom correcting
algorithms have been used in a report of
IOL tilt and decentration of phakic lenses
and measured with a refurbished Nidek
Scheimpflug system, which is no longer
commercially available.'

Here, we review the development (hard-
ware and software), validation and mea-
surements of two instruments based on
Purkinje and Scheimpflug imaging, devel-
oped at the Visual Optics and Biopho-
tonics Laboratory (Instituto de Optica,
Consejo  Superior de Investigaciones
Cientificas). The first set-up provides pha-
kometry and lens tilt and decentration
measurements from the reflections of
double or single light emitting diodes
(LEDs) from the anterior cornea and
lens surfaces

anterior and posterior

(Purkinje images). The second method is
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based on custom-developed processing
routines of a commercial Scheimpflug
instrument (Pentacam, by Oculus). In this
paper, we review the methodology, the
validation of the instruments using physi-
cal eye models, results of IOL alignment
on patients implanted with state-of-the-art
monofocal IOLs and the impact of the
measured IOL tilt and decentration on
the optical performance of pseudophakic
eyes.

METHODS TO MEASURE IOL TILT
AND DECENTRATION

Purkinje imaging method

Purkinje images are reflections of the light
from anterior and posterior corneal sur-
faces (first and second Purkinje images, PI
and PII, although PII is difficult to image
because it is overlapped by PI), and from
anterior and posterior crystalline lens sur-
faces (third and fourth Purkinje images,
PII and PIV). Purkinje images I, III and
IV can be captured by imaging the eye’s
pupil, as they are formed close to the
pupillary plane (particularly PI and PIV).
PI and PIV are relatively near to each
other, so they are approximately in the
same plane of focus, while PIII image is
formed in a different plane. Therefore, to
visualise the three Purkinje images, the
camera of a system for Purkinje image
detection should be focused at different
planes or a telecentric lens used to visual-
ise the three Purkinje images in the same
plane with the same magnification. Typi-
cally, illumination is performed off-axis to
avoid overlapping of the images. One of
the earlier studies by Wulfeck' described
a system to image the third Purkinje
image using infrared photography and
established the
systems.

basis of the current
Since then, several Purkinje
imaging set-ups with increasing levels of
sophistication have been described for
phakometry, that is, the measurement
of the crystalline lens surface radii of
curvature.'*%

The Purkinje system that we present
to measure tilt and decentration of the
intraocular lenses is based on the assump-

tion that there is a linear relationship

between the positions of the Purkinje
images and eye rotation, lens tilt and
decentration.? The system requires knowl-
edge of the geometry of the lens, which
can be obtained either from the nominal
information provided by the manufac-
turer or from phakometric measurements
from the same instrument. In addition,
the system can be used to measure natural
crystalline lens alignment in phakic
eyes. Other recent implementations for
Purkinje imaging systems for alignment
have been presented by Tabernero and

colleagues® and Schaeffel.?’

OPTICAL SET-UP

Figure 1 shows the implementation of the
Purkinje imaging setup at the Visual
Optics and Biophotonics Lab (Instituto
de Optica, CSIC). A full description of
the instrument can be found in an earlier
publication.® The system has two colli-
mated illuminating channels (for right
and left eyes) provided with 880 nm
LEDs, with light sources at an angle of
+12 degrees from the optical axis of the
eye. Additionally, double LEDs close to
the eye are used for phakometry. The
imaging channel consists of an infrared-
enhanced CCD camera provided with a
telecentric lens focused at the pupil
plane. A third channel projects a visual
stimulus on a mini-display for foveal and
eccentric fixations and a Badal system to
correct for refractive error and to stimu-
late accommodation. The mini-display
has SVGA resolution and allows presenta-
tion of multiple targets. Figure 2 shows
an example of the Purkinje images col-
lected in a patient implanted with an
IOL.

ESTIMATION OF TILT AND
DECENTRATION FROM

PURKINJE IMAGES

The method to obtain lens tilt and decen-

tration is based on that described by Phil-
lips and co-workers® and other works.>?®
This method assumes a linear relation
between Purkinje image positions referred
to the pupil centre Pl, P3 and P4 and
rotation of the eye f3, tilt & and decentra-
tion d.

© 2010 The Authors
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Figure 1. A Diagram of the Purkinje imaging system optical set-up. B. Photograph of the
instrument at the Visual Optics and Biophotonics Lab, Instituto de Optica, CSIC.

Figure 2. Example of pupillary images

showing PI, PIII and PIV in a patient’s eye
implanted with an IOL

Pl=Ep
P2=FB+Ao+Cd (1)

P3=GB+Ba+Dd

To obtain the coefficients in these equa-
tions for each eye, we use simulated model
eyes with spherical surfaces and the indi-
vidual anatomical parameters available
for each subject, using an optical design
program (Zemax, Focus Software). To
obtain coefficients E, Fand G, in equation
(1), we set oo =0 and d= 0 (no tilt and no
decentration) in the model eye. We esti-
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mated the Purkinje image positions for
different rotation angles and we calcu-
lated coefficients E, F, G by linear fitting of
the slope. The same procedure is repeated
for A and B (setting =0 and d=0) and C
and D, (with =0 and @ =0).

Scheimpflug imaging method
Scheimpflug imaging improves the slit-
lamp geometry, by using the Scheimpflug
principle. Normally, the lens and image
(film or sensor) planes of a camera are
parallel and the plane of focus is parallel
to the lens and image planes (Figure 3A).
If a planar object is also parallel to the
image plane, it can coincide with the
plane of focus and the entire subject can
be rendered sharply. If the subject plane is
not parallel to the image plane, it will be in
focus only along a line where it intersects
the plane of focus, as illustrated in
Figure 3A. When an oblique tangent is
extended from the image plane and
another is extended from the lens plane,
they meet at a point through which the
plane of focus also passes, as illustrated in
Figure 3B. With this condition, a planar
subject that is not parallel to the image
plane can be completely in focus.

The special geometry of the Sche-
impflug configuration allows imaging the
anterior segment with a large depth of
focus but it introduces a geometrical dis-
tortion, because the magnification is not
constant over the image. Additionally,
because of the refraction from the differ-
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ent ocular surfaces, the Scheimpflug
camera also introduces an optical distor-
tion, due to the fact that each of the
ocular surfaces is seen through the previ-
ous one (that is, the anterior lens is seen
through the

cornea). To obtain reliable information

posterior and anterior
from those images, those distortions must
be corrected.” Distortion correction algo-
rithms have been implemented for the
Topcon SIL-45 and the Nidek Eas-1000
Scheimpflug systems, which are no
longer commercially available. We have
recently published the implementation of
geometrical and distortion correction
algorithms for the Oculus Pentacam

system.?

TILT AND DECENTRATION FROM
SCHEIMPFLUG IMAGES
The Oculus Pentacam system was used to
image the anterior segment of the eye in
25 different meridians. The commercial
software included correction routines but
only for the cornea.® In addition, the
edge detection routines of the software fail
to detect the edges of some IOLs with scat-
tering properties very different from the
crystalline lens (that is, acrylic). There-
fore, the algorithms for the estimation of
tilt and decentration of the intraocular
lenses were applied directly to the raw
images. The computational procedure to
estimate tilt and decentration from the
Scheimpflug images involved the follow-
ing steps.
1. Correction of the geometrical distor-
tion of the cross-sectional images, using
a calibration reticule.
2. Edge detection of the cornea and IOL.
3. Calculation of IOL tilt and decentra-
tion in the crosssectional images,
estimating the pupil centre as the
midpoint of the two visible pupil seg-
ments and the IOL centre as the mid-
point of the intersection of the two
spheres fitting anterior and posterior
edges of the IOL, and the IOL as the
line joining the centres of curvature of
anterior and posterior surfaces of the
IOL (see figure 4).
4. Calculation of IOL tilt and decentra-
tion in 3-D, by fitting the parameters
calculated in step 3 at each of the 25

Clinical and Experimental Optometry 2010
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Figure 3. A. Principle of slitlamp imaging. A slit beam is focused on the eye and viewed

with a microscope. The plane image and object image are parallel to each other. B.

Principle of Scheimpflug imaging, where the image and objects planes are tilted with

respect to each other in such a way that they intersect in one point.

Figure 4. Raw image obtained from Sche-

impflug camera in a pseudophakic eye.
Edge detected points and circumferences
fitting those points are superimposed.
Centre of the pupil, centre of the IOL,
pupil axis and IOL axis are shown.

meridional cross-sections to sinusoidal
functions as a function of meridional
angle. The horizontal and vertical
pupil centres, the IOL centre, pupil
axis and IOL axis are then computed
evaluating the fitted sinusoidal func-
tion at 90 and 180 degrees. Decentra-
tion of the IOL is referred to the pupil
centre and the tilt of the IOL is calcu-
lated by means of scalar product
between pupillary and IOL axes.
An error analysis propagation assuming
errors in edge detection was done and it
showed an accuracy of 0.2 degrees in IOL
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tilt calculation and 0.01 mm in decentra-
tion provided that there are no optical
distortions and no other sources of error.

Validation of the Purkinje and
Scheimpflug method through a
physical eye model

To validate the instruments, a physical
model eye was built in which nominal
values of tilt and decentration of the IOL
can be set. It consists of a polymethyl
methacrilate (PMMA) cell with water and
a PMMA spherical contact lens (7.80 mm
anterior radius and 6.48 mm posterior
radius) simulating the cornea and an IOL
at 5.0 mm behind the cornea. The IOL is
mounted in a XYZ micrometer and rota-
tory stage. Three different IOLs from dif-
ferent manufacturers (Pharmacia, Alcon,
Advanced Medical Optics) and powers
(19, 22 and 26 dioptres) were mounted
in the micrometer and rotatory stage.
Nominal decentration ranged from zero
to 2 mm, in steps of 1 mm, and nominal
tilts ranged from zero to four degrees, in
steps of one degree. A photograph of
the model eye is shown in Figure bA.
Figures 5B and 5C show the estimated tilt
and decentration from the Purkinje and
Scheimpflug methods with respect to the
nominal values set in the model eye aver-
aged for the three IOLs used. On average,
the discrepancy was 0.094 mm (Purkinje)

and 0.228 mm (Scheimpflug) in decentra-
tion and 0.279 degree (Purkinje) and
0.243 degree (Scheipmflug) in tilt.

IOL TILT AND DECENTRATION
MEASURED IN PATIENT EYES

The instruments described were used to
measure tilt and decentration in 21 eyes
from 12 patients (average age 72 =+
8 years) with implanted aspheric intraocu-
lar lenses (Tecnis, AMO, and AcrySof
1Q, Alcon Research labs). Data from
these patients have been reported
previously.>**2 Measurements were per-
formed through pupils dilated with tropi-
camide 1%. Twenty-one eyes of 12 patients
were measured in both systems. All proto-
cols adhered to the declaration of Helsinki
and followed protocols approved by the
institutional review boards.

IOL tilt and decentration were esti-
mated with respect to the pupillary axis
(axis linking the centre of the pupil with
the centre of curvature of the cornea) and
the pupil centre, respectively. The centre
of the pupil refers to the dilated pupil.
Figure 6 shows a schematic diagram for
the sign convention and definitions.
Figure 7 shows tilt (A) and decentration
(B) from Purkinje and Scheimpflug
imaging in 12 pseudophakic patients. The
data show clear mirror symmetry in tilt (as
measured with both techniques) and a
slightly less systematic trend for decentra-
tion in this group of eyes. In general, lens
tilt does not exceed five degrees and
lens decentration does not exceed five
millimetres. We found average absolute
tilts around X of 1.89 * 1.00 degrees
(Purkinje) and 1.17 = 0.75 degrees (Sche-
impflug), average absolute tilts around Y
of 2.34 = 0.97 degrees (Purkinje) and 1.56
+ 0.82 degrees (Scheimpflug), average
absolute  horizontal ~decentration of
0.34 £ 0.19 mm (Purkinje) and 0.23 =
0.19 mm
absolute vertical decentration of 0.17 =
0.23 mm (Purkinje) and 0.19 = 0.20 mm
(Scheimpflug).

(Scheimpflug) and average

In a previous study, we compared the
estimates from both techniques in detail.
Both techniques show a forward (toward
the cornea) tilt of the nasal side of the

© 2010 The Authors
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Figure 5. A. Photograph of the physical model eye used in the validations. B. Nomimal versus estimated tilt. C. Nominal versus
estimated decentration. @ represents data from Purkinje and I from Scheimpflug. Results are the average of three IOLs. The ideal X

=Y line is also plotted.
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Figure 6. Schematic diagram for the sign conventions and definitions of tilt and decen-
tration. Positive tilts around X-axis indicate that the superior edge of the IOL is moved

forward and vice versa for negative tilts around X-axis. Positive tilts around Y-axis stand
for nasal tilt and indicate that the nasal edge of the IOL is moved backwards and vice
versa for a negative tilt around Y-axis, in right eyes. A positive tilt around Y-axis stands for

temporal tilt (nasal edge of the IOL moves forward) in left eyes. A positive horizontal

decentration stands for a nasal decentration in right eyes and temporal in left eyes.

Positive vertical decentration indicates that the IOL is shifted upwards and vice versa for

negative.

© 2010 The Authors
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IOL, and a clear mirror horizontal symme-
try of tilt across right and left eyes. Also,
both techniques show a nasal displace-
ment of the IOLs and a clear mirror hori-
zontal symmetry of tilt across right and left
eyes. Both techniques provide similar esti-
mates for horizontal decentration (r =
0.764) and tilt around the Y-axis (r =
0.762), that is, horizontal displacements of
the lens, for which both methods were
found to be reliable from an intra-class
correlation analysis. The mean average
standard deviation of repeated measure-
ments was 0.61 degree (Purkinje) and
0.20 degree (Scheimpflug) for tilt and
0.05 mm (Purkinje) and 0.09 mm (Sche-
impflug) for decentration.

EFFECT OF IOL TILT AND
DECENTRATION ON RETINAL
IMAGE QUALITY

Decentration and tilt of the optical ele-
ments are expected to affect retinal image
quality”® and debates on the potential
effects on tilt and decentration of aspheric
IOLs have been raised since the aspheric
designs were first proposed.”* Since the
first reports of optical aberrations of

Clinical and Experimental Optometry 2010
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Figure 7. Tilt (A) and decentration (B) using Purkinje (@) and Scheimpflug (¥) imaging.
Solid symbols stand for right eyes and open symbols for left eyes. Refer to Figure 6 for
sign conventions. The sign of the tilt around the X-axis has been changed to allow a more
graphical representation of lens positioning, assuming a frontal view of the patients’ eyes.

Customised modelling of eyes with IOLs

Predicted

$)

Centred IOL

Measured

I0OL with tilt and decentration

Figure 8. Schematic model eye as introduced in Zemax for numerical ray tracing and the
different instruments used to obtain individual geometrical data (corneal elevation,
anterior chamber depth ACD, IOL tilt and decentration) used in the model and to
measure total aberrations. The wave aberration on the right represents that measured
experimentally on one pseudophakic patient implanted with an aspheric IOL. The wave
aberration patterns on the left represent simulations using a customised eye model for
that patient’s eye, assuming no tilt or decentration in the IOL (upper pattern) and the
measured tilt and decentration of the IOL (lower pattern).
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intraocular lenses in vivo in pseudophakic
patients, there have been numerous
studies of the optical aberrations with dif-
ferent types of IOLs.*™ Computer eye
models are an excellent tool to identify
the relative contribution of different
factors that affect optical quality in
pseudophakic eyes, which is helpful to
evaluate the real impact of new IOL
designs and the potential need to improve
cataract surgery.

Most theoretical studies have concen-
trated on the impact of lens geometry on
spherical aberration and the effect of tilt
and decentration of the intraocular lens
has been discussed based on theoretical
models.**! Computer eye models can be
predictive only if actual anatomical values
are used. In particular, it is important to
incorporate the real amounts of tilt and
decentration (along with their actual signs
and combinations), the tilt of the line of
sight (angle lambda),” the post-operative

314243 the intraocular

corneal topography,
lens geometry and optical biometry.

We developed a customised model eye
in patients with aspheric IOLs of known
geometry, where tilt and decentration
values have been measured in wvivo.
Experimental measurements of ocular
aberrations (using a laser ray tracing
technique*) in these eyes are compared
with estimates of aberrations from numeri-
cal ray tracing using a customised model
with
post-operative anatomical data, including

eye, individual measurements of
IOL misalignment. The accuracy of cust-
omised eye models to predict measured

aberrations®"*®

and their capability to
investigate the contribution of the differ-
ent components to overall image quality
in eyes with IOLs and to assess the real
benefits of new IOL designs have been
demonstrated.”

Customised eye models were built using
the Zemax (Focus Software, Tucson, AZ,
Zemax) optical design program, where an
optical system is defined as a sequential
group of surfaces separated by refractive
index media. The anterior corneal surface
was obtained from videokeratoscopy while
the posterior corneal surface was assumed
to be a standard spherical surface with a
radius of 6.5 mm. Corneal refractive index

© 2010 The Authors
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Figure 9. Top. Astigmatism. Bottom. Horizontal coma obtained for the real eyes and

simulations with customised computer eyes (assuming the cornea and the IOL are
centred, and the cornea and the IOL have real amounts of tilt and decentration).

was taken as 1.376. The IOL anterior and
posterior surface geometry was provided
by the manufacturer and introduced in
the model eye as standard conic surfaces,
with the nominal thickness and refractive
index of the lens. Values of tilt and decen-
tration of the IOL measured with the
Purkinje imaging system were introduced
with respect to the pupillary axis. Finally,
the whole eye was rotated to simulate off-
axis measurements obtained due to the
eccentric location of the fovea (which is
also estimated with Purkinje imaging for
foveal fixation).

Figure 8 shows the schematic diagram
of the customised model eye introduced
in Zemax (for a wavelength of 786 nm) for
the simulations and the different instru-
ments used to measure corneal shape,

© 2010 The Authors

ocular biometry, lens tilt and decentra-
tion, ocular aberrations and the measured
total aberration pattern (higher-order
aberrations) using LRT and simulations of
the total wave aberration patterns for the
same patient. The figure shows the pre-
dicted wave aberration assuming that the
IOL is centred on the pupillary axis (zero
tilt and decentration) or with the actual
amount of measured tilt and decentration.
The experimental wave aberration is well
predicted by the estimated aberration
from the customised model eye. A com-
parison between the predictions with and
without IOL tilt and decentration indi-
cates a minor role of IOL misalignment in
the optical quality on this patient.

The as those of the
example in Figure 8 were found in all 12

same effects

Clinical and Experimental Optometry © 2010 Optometrists Association Australia

patients of the study,” namely, a major
role of the corneal aberrations, low
amounts of spherical aberration (as a
result of the aspheric design of the
IOL) and minor role of IOL tilt and
decentration.

While it is not expected that IOL tilt and
decentration affect the amounts of total
spherical aberration, it has been suggested
that IOL misalignment may have a nega-
tive impact on astigmatism and coma. We
showed that the differences in astigmatism
and particularly coma are minor between
the cases of centred or misaligned IOL.
Figure 9A shows corneal astigmatism in
the 12 eyes of the study, along with total
astigmatism with the centred or mis-
aligned IOL (computed using a custom-
ised model eye for each patient). The
presence of IOL tilt and decentration
nominally produced an increase in the
astigmatism in six eyes and a decrease in
five eyes. A relevant feature is the system-
atic overestimation of astigmatism (by 13
per cent on average) in the computer
model eye with respect to the real eye,
indicating the presence of a compensatory
effect in the posterior corneal surface
(which is not optimally simulated by a
spherical surface).*" Figure 9B shows
corneal horizontal and total horizontal
coma for the simulated and real eyes.
Horizontal coma is reduced in all eyes
with respect to corneal values, as shown by
both simulated and real data (with a
decrease between five and 35 per cent)
and this is a result of passive compensation
of the coma arising from foveal misalign-
ment and which occurs with aspheric
10Ls.?? In addition, we found that the
presence of real amounts and combina-
tions of IOL tilt and decentration does not
induce additional coma. In most eyes
(seven of 12) the presence of tilt and
decentration reduces horizontal coma (by
10 per cent) with respect to the simulation
with a centred IOL. The systematic reduc-
tion of horizontal coma in the eye (shown
both in the real measurements and simu-
lations) arises from a passive balance
between corneal coma (resulting from the
misalignment of the fovea) and the inter-
nal aberration of opposite sign with
aspheric IOLs.”

Clinical and Experimental Optometry 2010
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CONCLUSIONS

Purkinje and Scheimpflug imaging are
valuable techniques to measure in vivo
IOL tilt and decentration in pseudophakic
patients.

The Purkinke imaging system captures
reflections from the anterior cornea (PI)
and anterior and posterior lens (PIII and
PIV). IOL alignment is obtained from
linear relationships between the Purkinje
image positions and IOL tilt, decentration
and ocular alignment.

Scheimpflug imaging works by projec-
tion of a (rotating) slittamp onto the eye.
The tilt of the image plane allows a large
depth-of-focus in the anterior segment
images. Distortions must be corrected
before  quantitative  information  is
extracted from the image. Tilt and decen-
tration can be obtained from Scheimpflug
images using edge detection and curve
fitting algorithms that allow estimation of
the pupillary axis (defined as the refer-
ence) and the IOL axis.

Validations using physical eye models
indicate that Purkinje and Scheimpflug
images provide estimates of IOL decen-
tration within an accuracy of 0.026 mm
and IOL tilt within an accuracy of 0.6
degrees.

In a group of 12 patients implanted with
aspheric IOLs, we found average absolute
tilts around X of 1.89 * 1.00 degrees
(Purkinje) and 1.17 = 0.75 degrees (Sche-
impflug), average absolute tilts around
Y of 2.34 * 0.97 degrees (Purkinje) and
1.56 = 0.82 degrees (Scheimpflug) and
average absolute horizontal decentration
of 0.34 = 0.19 mm (Purkinje) and 0.23 =
0.19 mm (Scheimpflug) and average abso-
lute vertical decentration of 0.17 =
0.23 mm (Purkinje) and 0.19 = 0.20 mm
(Scheimpflug). These amounts are similar
to those found in natural crystalline lenses
of phakic eyes. In addition, there was sig-
nificant mirror symmetry in IOL align-
ment between right and left eyes.

Customised computer eye models of
pseudophakic eyes (with individual data of
corneal topography, lens geometry, lens
tilt, lens decentration and fovea misalign-
ment) predict the higher-order aberra-
tions of pseudophakic eyes.
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The contribution of lens tilt and decen-
tration to optical quality degradation is
relatively minor. In 60 per cent of the
cases, the presence of lens tilt and decen-
tration contributed favourably to the pre-
diction of higher-order aberrations (with
respect to the centred case).
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