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Abstract: A compact and robust instrument for measuring the alignment of
ocular surfaces has been designed and used in living eyes. It is based on
recording Purkinje images (reflections of light at the ocular surfaces) at nine
different angular fixations. A complete analysis on the causes of
misalignments of Purkinje images and its relations with those physical
variables to be measured (global eye tilt, lens decentration and lens tilt) is
presented. A research prototype based on these ideas was built and tested in
normal and pseudophakic eyes (after cataract surgery). The new anaysis
techniques, together with the semicircular extended source and multiple
fixation tests that we used, are significant improvements towards a robust
approach to measuring the misalignments of the ocular surfaces in vivo.
This instrument will be of use in both basic studies of the eye’s optics and
clinical ophthalmology.
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1. Introduction

In recent years, the advent of improved techniques for measuring aberrations of the eye
permitted a more detailed and complete understanding on the optics of the human eye [1,2].
By combining data on the ocular and corneal aberrations [3], the relative contribution of the
crystalline lens to the eye's aberration was determined [4]. It was shown that the lens in most
young eyes compensates, at least in part, for the aberrations associated to the cornea, athough
this compensation tends to vanish with age [5]. However, how the actual aberrations of the
lens are produced within the eye is not yet completely understood. To answer this question,
we need to have a better knowledge of the geometrical parameters of the crystaline lens.
From the early days of Physiological Optics, the main source of information from the lens was
that available by collecting and analyzing the reflections from the ocular surfaces, i.e.; the
Purkinje images [6]. Moreover, in different aspects of clinical Ophthalmology, it is important
to measure the ocular surfaces misalignments, for example after implantation of intraocular
lenses (I0OLs) in cataract surgery.

If the eye is a well-centered optical system and we align an illumination source with its
optical axis, we would expect to see four well-centered images formed by reflection of the
light source at the ocular interfaces (air-cornea, cornea-agueous, agueous-lens, lens-vitreous).
First and second Purkinje images (air-cornea (Pl) and cornea-aqueous (PI1)) have similar size
and are usually overlapped, due to the small corneal thickness. Aqueous-lens reflection (PIII)
has the largest size (approximately twice of Pl) and lens-vitreous reflection (PIV) is usually
slightly smaller in size than PI, but it is inverted with respect to the others. Images Pl and PIV
are formed in planes near the pupil plane, while PIII has its focus beyond the lens in the
vitreous. Figure 1 shows a simulated reflection pattern of a semicircular source (an array of
LEDs) in aperfectly centered eye model. All three reflections are symmetrically centered.

=
K

Fig. 1. Pupil edge and Purkinje images of a semicircular source (array of LEDS) in a perfectly

aligned model eye.

However, when a real human eye fixates to a point, Purkinje images are typically seen
misaligned. There are three possible causes for this misalignment to occur: a globa eye
rotation, lens decentration and lens tilt (Fig. 2). These three causes are physiologically
plausible and will act in combination. Phillips et al. [7] proposed alineal model that relatesthe
positions of Purkinje images to eye rotation, lens tilt and lens decentration. This model has
also been used by several authors [8-12]. A more clinically oriented method to assess
misalignments in eyes implanted with an intraocular lens was aso described [13]. It is based
on locating the superposition of images PlI1 and PIV that marks the optical axis. We describe
here asimple but precise and robust approach to measuring the position of the crystalline lens,
or implanted IOLs. The method is based on recording the Purkinje images of a particular
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target for a series of different controlled fixations of the subject. A description of the
apparatus, the processing method and examples of results in different eyes are presented.

Global tilt ~6°

Lens decentration
=N2RA" mMm

Fig. 2. Global eye tilt, lens tilt and lens decentration cause Purkinje images generated by a
semicircular source to be misaligned.

2. Methods
2.1 Theory

It is important to specify first those axes used to define the alignment of the ocular surfaces.
To avoid confusion, in the following we will treat only with the two more relevant and
measurable axes: the principal line of sight, (the line from the center of the entrance pupil that
passes through the fixation point) and the pupillary axis (the line perpendicular to the cornea
that also passes through the center of the entrance pupil) (Fig. 3).

Temporal . .
Pupillary axis
el B S =
Line of Sight o
Fixation
target

Nasal

Fig. 3. Schematic representation of angle kappa. It is important to note that due to angle kappa
the lensis systematically tilted with respect to the line of sight.

Both axes are non coincident in normal subjects. The angle between these axes is usually
denoted as kappa (although it can be also referred as lambda). It has an average value around
5 degrees [6]. The origin of this misalignment can be understood because of the location of
the fovea, normally with a temporal tendency with respect to the most approximate optical
axes. As it was mentioned above, alignment of PI, Plll and PIV is not possible in a genera
case with a combination of general eye rotation, lens decentration and lens tilt. If al three
reflections are observed aligned when the eye fixates to the source, then the system cornea-
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lens-fovea would be perfectly lined-up. However it is always possible to aign Pl and PIV
(i.e. lens reflections) by moving a source in front of the eye and therefore change eye's
fixation. In the clinic [13] usualy a light source is moved in front of the eye to locate the
overlapping position of PIIl and PIV. The angular distance from that light to the line of sight
(fixation point) when overlapping occurs approximates lens tilt (with respect to the line of
sight).

Moreover the distance from the geometrical pupil centre to the overlapping point gives an
estimation of lens decentration. Similarly, the source can be aligned coaxialy with the line of
sight and ask the subject to fixate to a series of previously established angular positions. We
denote 5, .o theeyerotation required to align Pl and PIV. In the most general case this

rotation must compensate for the three different factors that generate the misalignment
between PII1 and PIV:

i) the eye might be globally rotated when fixating to a point source. This is a systematic
effect due to angle kappa (see fig. 3). The rotation required to compensate for this factor is
denoted as [y .

ii) the lens might be tilted with respect to the pupillary axis. A rotation required to
compensate for thisfactor is denoted as f3, . 1,

iii) a decentration of the lens with respect to the pupil will require arotation to aign PllI
and PIV that is denoted as 8, . pe..

The combination of the three factors yields:

lBAL PIlI+PIV — IBGIobaJ Rot. + ﬂLens Tilt + IBLens Dec. (1)

It is important to note that this equation separates the effect of a global eye rotation from

lenstilt (that is given with respect to the pupillary axis). If the eye fixates to a point source and

we refer lens tilt to the line of sight, then a lens tilt value would aready exist, owing to the
global eye rotation generated by angle kappa. The equation above could be rewrite as

ﬂAL PIll+PIV — ﬂLens Tilt(LoS) +ﬂLens Dec. (2)
where we have referred lens tilt to the Line of Sight (LoS), and then it already includes the
offset generated by the globa rotation (angle kappa). In order to provide the most complete
description of the ocular alignment, in the following we will use Eq. 1, referring lenstilt to the
pupillary axis. We need to make some assumptions to introduce the parameters to be
calculated into the equation. In particular we suggest a linear relationship between rotations
and their causes. Thus we can rewrite the equation as

ﬁAL Pl +PIV =ﬂGIobal_Rot. +A1Ti|t+A2DeC (3)

There are two unknown coefficients in this equation. A; represents the angular rotation
that an eye must do to compensate for one degree of lens tilt (in the absence of global
rotations and decentration). A, represents the angular rotation that an eye must do to
compensate for a separation between Pl11 and PIV caused by 1 mm of lens decentration (in the
absence of globa rotations and lens tilt). To further study the validity of this linear
relationship and to calculate both A; and A,, we used a ray-tracing program (ZEMAX
Development Corp, San Diego, CA) to simulate in an eye model the positions of the Purkinje
images for different realistic situations. Fig. 4 shows the positions of PlIl and PIV for the Le
Grand’'s eye model when the lens is tilted and after the eye rotation that aligns both. For
computational simplicity, we used a point source to generate PlIl and PIV, instead of the
semicircular ring of LEDs of previous figures. Similarly, amounts of decentration (0.5, 1 and
1.5 mm) were introduced and the global rotations required to align PlIl and PIV were
calculated. The results are shown in fig. 5-A (calculation of A;) and 5-B (calculation of Ay).
Both parameters, A; and A,, depend slightly on corneal angular magnification within the
range of physiologically possible corneal powers (36 D to 45 D). However when we change
corneal parameters within physiological possible ranges, we found very little variation.
Therefore, we assumed that the values calculated from the Le Grand eye model are good
enough in practice. We chose a value of 1.1 for A; and 2.0 (degreesxmm’™) for A,. Let
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suppose that we illuminated the eye coaxially with the line of sight and we ask the subject to
fixate to different, and well established, angular positions, recording the position of the
reflections with a camera placed coaxially with the illumination source. By linear fitting, it
can be extrapolated the eye rotation that the eye should perform to overlap PIll and PIV. In

other words, we measured 3, ... - IN addition, from the distance of the overlapping
position to the center of the entrance pupil, the decentration of the lens is obtained (the third
term of Eq. (1): B .. pec )- TO Separate out the effects of a global rotation (say angle kappa)

from lens tilt with respect to the pupillary axis, a way to measure it is necessary. An option is
to align the corneal reflex with the center of the entrance pupil. This angular overlapping
position is relatively easy to estimate, once the subject has fixated to the series of angular
targets, in a similar way as we calculated the overlapping position for PIlII and PIV. This
provides B .. r. - Finaly, it only remains to estimate S, from Eq. (1) to determine the
lenstilt with respect to the pupillary axis.

{4 L)~
Global tllt = Global tilt =-2.2°
=(.,__,— === ’(r;-::
LensTilt: 4° LensTilt: 4°
Global tilt = m Global tilt = -4.4°
{,{.z.::::: ‘{’-;-;-:::::‘
LensTilt: 8 LensTilt: 8°
Global tilt =0° Glohal tilt = -8 8

Fig. 4. On the left column, Purkinje images Il and IV generated by a point source are
represented for different lenstilts (2, 4 and 8 degrees). On the right column, the same Purkinje
images are represented after a global eye tilt that aligns both.
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Fig. 5. The global eye tilt required to align PIll and PIV as a function of lens tilt (on the left)
and lens decentration (on the right).

2.2 Experimental set-up

We built a prototype to practically implement the ideas described in the previous section.
Figure 6 shows two different views of the experimental system. The instrument was mounted
over a movable base containing a chin and forehead rest used to hold the head of the subject
steady during the measurements. A semicircular array of infrared LEDs was used to illuminate
the eye (A) co-aligned with a telecentric camera objective (B) and a CCD camera (C) that
records the Purkinje images produced by this source. The use of a semicircular source has
some advantages with respect to a point source to generate Purkinje images. First it has anon
symmetric geometry which easily allows identification of Purkinje images (PIll and PIV are
inverted with respect to each other). Also the use of this extended source allows the location
of Purkinje images even when they are partially vignetted by the pupil. Nine fixation red
LEDs were designed to symmetrically cover a central visua field (extreme LEDs are
separated by 10.4 degrees, see image).

The central fixation LED was aligned with the CCD-Lens axis. The measurement
procedure begins with centering the eye’s pupil. While the subject fixates at the central LED
its pupil is approximately centered within the CCD recording area. This is a way to aign the
line of sight with the instrument axis. The CCD camera was conjugated with the iris plane.
One image of the anterior part of the eye was recorded for each fixation positions. Custom
image processing software was used to determine the location of the Purkinje images with
respect to the center of the entrance pupil (fitted to an ellipse).

Telecentric

Illumination ring

Fixation
LEDs

Fig. 6. Photographs of the experimental prototype.
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3. Results
3.1 Computer simulations

A computational modeling of our experimental system was performed using Zemax software.
This allowed us to investigate in advance many different “virtual” experiments and to search
for the best configuration parameters. Figure 7 shows an example of the analysis performed.
An eye model with given values of angle kappa (6, 2)°, lens tilt (-4, 2)° and lens decentration
(0.4, -0.3) mm was rotated simulating five eye fixations, in horizontal directions: ((0, 0)°, (4,
0)°, (-4, 0)9) and vertical directions: ((0, 4)°, (0, -4)°), similarly to the actual situation in the
instrument.

For each of these fixations, the position of each Purkinje image with respect to the pupil
was calculated and plotted against rotations (Fig. 8). The Pl line represents positions of the
corneal reflex as afunction of eye rotation. When it crosses through the X-axis, pupil centre
and corneal reflex are overlapped, which provides with the value of angle kappa. The PIlI and
PIV line are the positions of both images with respect to the center of the entrance pupil as a
function of rotations. The overlapping point of lens reflections is given from the interception
point of these two lines. The Y-coordinate of this point is an estimation of the lens
decentration with respect to pupil center and the X-coordinate represents the overlapping eye
rotation B, ., .qy - RESUIts obtained from these images were all very similar to the nominal

values: Tilt = (-3.8, 1.9) (°); Dec = (0.39, -0.33) (mm); Angle kappa = (5.9, 2.1) (9.

Fig. 7. Simulations of Purkinje images in an eye model with nominal values of tilt and
decentration for different eye rotations simulating fixations at five different angular positions.
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Fig. 8. The position of each Purkinje image with respect to the pupil is plotted versus angular
rotations in both horizontal and vertical directions.

3.2 Pseudophakic eyes

The instrument was first applied in eyes with implanted intraocular lenses after cataract
surgery. This had the advantage that the reflections were brighter than in the real eye, and that
the geometrical data of the lenses were precisely known. The IOL implanted was the Ceeon
911A model (AMO, Santa Ana, USA), a foldable lens with a 6 mm optical zone and a
refractive index of 1.458. Purkinje images were nicely visualized in these eyes. As an example
two movies for two patients are presented in Figs. 9(a) and 9(b). Linear fittings of positions
versus rotations for horizontals and vertica coordinates are depicted in Fig. 10 (patient
psdhk_1 o0s). These plots were used to calculate the tilt and intraocular lens decentration and
also ocular angle kappa using the procedure described above.
We obtained the next values in the two eyes:

psphk_1 os: Angle kappa = (3.0, 1.4) (°); IOL Tilt = (-1.9, 1.2) (°); IOL decentration = (-0.21,
0.15) mm

psphk_2 od: Angle Kappa= (7.6, 2.7) (°); IOL Tilt = (0.7, 2.0) (°; IOL decentration = (0.29, -
0.05) mm

@& 0

Fig. 9. Movies of the measurement sessions from the two pseudophakic eyes included in this

work. The positions of the Purkinje images change with the fixation target (upper left corner in
each movie).
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Fig. 10. The positions of each Purkinje image with respect to the entrance pupil center versus
angular fixation for the first pseudophakic eyein both horizontal and vertical direction.

Fig. 11. Visualizing PI, PIII and PIV for the two normal eyes included in this study. The third
column isa schematic draw of the position of each Purkinje image.

3.3 Normal eyes

We present here as another example, results from two normal eyes (ages 26 and 50 years old).
Both were measured using their natural pupil size. There were some reasons to expect a worse
signal-to-noise ratio in the natural lens reflections in comparison with the IOL reflections of
the previous section. First, the refractive index of the crystalline lens (around 1.42) is lower
than the IOL refraction index (1.458). In addition in the natural lens, the third Purkinje image
is rather diffuse as compared with a specular reflection in the IOLs. These factors were
especially relevant when recording PI1I. The reflectance of Plll and PIV have similar values,
but the magnification is approximately twice for PlI1. This means that approximately the same
(small) amount of energy is distributed over a larger area, reducing the signal. Despite these
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difficulties, it was possible to clearly detect PIIl in most normal eyes (see Figs. 11(a) and
11(b) as an example for two normal eyes). The actual analysis consisted on superimpose an
ellipse over each Purkinje image. The location was done separated for each Purkinje image, so
PIll and Pl were not located with the same digital enhancement. For example, the central
images in Fig. 11 were adequate to locate PIIl and PIV, but not for Pl which appeared too
blurred for this condition. The corneal reflection (PI) was therefore better located using the
images on the left hand side of Fig. 11. With appropriate digital enhancement of the images it
was feasible to accurately locate the position of PllI. Some other reflections that appear in the
images are due to spurious multiple reflections and were not considered in the analysis. Figure
12 shows the linear fitting of the locations of Purkinje images to the rotations in one of the
subjects (nrm_1_od). The measured values for both subjects were:

nrm_1 od: Angle Kappa = (6, -1.8) (°); Lens Tilt = (2.4, -0.9) (9); lens decentration = (-0.08,
0.06) mm

nrm_2_os: Angle kappa = (2.4, 0.3) (°); Lens Tilt = (-2.8, 0.3) (9); lens decentration = (0.02,
0.13) mm

30 H ; i H
2c || W PILPupil| | { L. i
B PIV-Pupil |-|. . A

Distance to pupil center X
(mm)

-20

Distance to pupil center Y
(mm)

08 B 4 20 2 4 B 8 10 008 B 4 2 0 2 4 & 8 10
Angular fixation X (%) Angular fixation Y (%)

Fig. 12. The positions of each Purkinje image with respect to the entrance pupil center versus
angular fixation for the first normal eye included in this study in both horizontal and vertical
direction.

3.4 Estimation of the experimental error

The experimental reliability of the method relied on the quality of the linear fittings of eye
rotations against Purkinje image positions. Although linearity was well assumed in the ranges
of tilt and decentration that are physiologically possible, subjects might erroneously fixate to
the angular targets. The detection of the pupil and Purkinje positions also contributes with
some amount of uncertainty to the linear fittings. Therefore to determine the experimental
error we must analyze the quality of the linear fitting performed. In particular we must
estimate the uncertainty of the interception point of two straight lines (which is required to
calculate decentration and tilt) and the uncertainty of the interception point of a straight line
withthe'Y =0 axis (required to get angle kappa).
The coordinates (X.,Y.) of the interception point of two linear regressions

Y=aX+b

4
Y=a,X+hb, )
will be obtained from the next formulas:
X. :_(bl—bz ]
a-a )

Yo =a X +b
Each dope and intercept has their own standard error from the regression
analysisAa,, Aa,, Ab, and Ab,. To calculate AX., AY, we must derivate as:
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AY, %Aaﬁ %Abﬁ g:((cc AX¢
From here we can finally write
AXe ZﬁUXJ(AaﬁAaZH(AbﬁAbZ)] @

AY, =|Xc|Aay +AX, [a]+Aby
It could be interesting to note that the uncertainty in the calculus of the interception point
increases when the difference of slopes decreases. In the limit of equal slopes (parallel lines)
the uncertainty is infinity. Asit was also expected, the uncertainty is proportional to the error
of each regression.
AX, represents the angular error in the determination of the PIIl and PIV overlapping

point while AY, gives the uncertainty in position for that point. Therefore they can be taken as

the uncertainty for leng/lOL tilt and decentration.
The estimation of the error in angle kappa comes from the uncertainty in the X-axis
intercept of alinear regression. This intercept is given by:
b
Xe == (8)

From here we can essily write the uncertainty of X. as afunction of the uncertainty of
the linear regression parameters, b and &
AXe _Aa, Ab )
Xc| [a o
Figure 13 shows the experimental errors caculated by this method in the subjects we
measured here. All the decentration uncertainties were well below 0.1 mm and tilt and kappa

uncertainties were no larger than 0.8 degrees. Average uncertainties for the components of
decentration were 0.03 mm and around 0.3 degrees for the components of tilt and angle kappa.

4, Conclusions

A new instrument for measuring the alignment of the ocular surfaces in vivo has been
developed. It is suitable for both clinical and research applications. It is based on the recording
of Purkinje images for different fixations and subsequent adequate analysis. The method
allows separation of the effects of a global eye tilt (angle kappa) from a lens tilt with respect
to the optical axis of the pupil-cornea optical system (i.e. the pupillary axis). The procedure to
obtain lenstilt and decentration from Purkinje images originally proposed by Phillips et a. [7]
required to specify nine constants that represents the movement of each Purkinje image per
unit of parameter that induce it (i.e. eye rotation, lens tilt and lens decentration). In our
approach, only two constants are required. One potential advantage of Phillips” and similar
method was the use of one single image containing the set of Purkinje images. However we
favored the option of recording multiple images what renders the methods more robust and
accurate. Our computer simulations and error analysis suggest that the procedure provides
data accurate enough for visual optics research.
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Fig. 13. Uncertainties in the measurement of each component of tilt, decentration and kappa
angle for the four eyesincluded in this study.

The instrument and procedure analysis has been successfully applied to pseudophakic
patients. It is interesting to note that |IOL misalignments are an extremely relevant application
area for this instrument. Retinal image quality [14] can be potentially affected in eyes
implanted with misaligned intraocular lenses, in particular those with aspheric profiles[15]. A
precise control of the decentration and tilts of |OLs after cataract surgery will be akey issue to
further improve future lenses and surgical techniques.

We have also demonstrated the potential use of the instrument in normal eyes. Although
the clinical relevance for normal eyes is not straightforward (maybe for checking strabismus
or exotropia), the instrument has capabilities to further investigate the relationships between
the alignment of the ocular surfaces and retinal image quality. Some recent research already
addressed the impact of ocular alignment for the compensation of aberrations within the eye
[16,17].

In summary, we have described an instrument for measuring the alignment of the optical
components of the eye in vivo, either the cornea plus the crystalline lens, or the cornea plus an
intraocular lens. The instrument is robust and provides accurate data with potential in clinical
and research gpplications.
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