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ABSTRACT

Purpose. To describe a new methodology that derives horizontal posterior retinal contours from partial coherence inter-
ferometry (PCI) and ray tracing using the corneal topography.

Methods. Corneal topography and PCl for seven horizontal visual field eccentricities correspondent to the central 60 degrees
of the posterior pole were obtained in 55 myopic eyes. A semicustomized eye model based on the subject’s corneal
topography and the Navarro eye model was generated using Zemax-EE software. The model was used to compute the
optical path length in the seven directions where PCI measurements were obtained. Vitreous chamber depth was computed
using the PCl values obtained at each of those directions. Matlab software was developed to fit the best conic curve to the
set of points previously obtained. We tested the limit in the accuracy of the methodology when the actual cornea of the
subject is not used and for two different lens geometries.

Results. A standard eye model can induce an error in the retina sagitta estimation of the order of hundreds of micrometers in
comparison with the semicustomized eye model. However, the use of a different lens model leads to an error of the order of
tens of micrometers. The apical radius and conic constant of the average fit were —11.91 mm and —0.15, respectively. In
general, a nasal-temporal asymmetry in the retina contour was found, showing mean larger values of vitreous chamber
depth in the nasal side of the eye.

Conclusions. The use of a semicustomized eye model, together with optical path length measured by PCI for different
angles, can be used to predict the retinal contour within tenths of micrometers. This methodology can be useful in studies
trying to understand the effect of peripheral retinal location on myopia progression as well as modeling the optics of
the human eye for a wide field.

(Optom Vis Sci 2014;91:00-00)
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Retinal contour can be determined by a number of techniques
such as indirect inference from peripheral refraction,®” x-ray,®
magnetic resonance imaging,” ' and, more recently, optical co-

nowledge of the posterior retinal contour is potentially
useful to understand the mechanisms of emmetropization
and myopia progression.' > Furthermore, the current knowl-
edge in this field suggests that it might be possible to interfere with
myopia progression by customizing the relative position of the pe-

herence tomography.'? Although magnetic resonance imaging is a
very useful technique to evaluate the eyeball shape, it is not usually

ripheral image focusing regarding the retinal surface.* To achieve a
true customization of these treatments, it will be essential to know the
actual position and shape of the retinal surface to design an optical
device able to change the refraction in the desired way.’
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available in the context of a personalized optical prescription. It
also lacks the resolution needed to achieve a detailed knowledge
of the retinal contour at a micrometric level. On the other hand,
optical coherence tomography is capable of producing high-
resolution images. However, to date, their limited field of anal-
ysis does not allow them to measure retinal curvature beyond the
central 30 degrees,'? where some of the currently available optical
treatments aim to have a significant optical effect.'> !>

Mallen and Kashyap!® used partial coherence interferometry
(PCI) to perform peripheral biometry using the IOLMaster, but their
work has not dealt with the optical distortion in peripheral measures,
when the IOLMaster infrared beam passes through the lens in an
oblique direction. This was pointed out by Atchison and Charman'”
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as a potentially significant source of error. Previous work also fails to
consider the different refractive indices of the eye’s media, given that
the IOLMaster measures the optical path length (OPL) between the
corneal surface and the retina'® and uses a single average refractive
index to derive the physical eye length (EL) from the OPL."

Atchison and Charman'” have recently shown that PCI tech-
nology might be suitable to determine the retinal contour if the OPL
within each component of the eye is known. They performed an
interesting theoretical study using a Gullstrand eye model to identify
potential errors when using PCI and demonstrated that an eye
model together with ray tracing and experimental measurements of
PCI could be used to find the position of the retina as a function of
angle of the incident beam. Authors have also mentioned that an
accurate description of the retinal contour depends on the eye model
used. Partial coherence interferometry values for different angles are
relatively easy to obtain using commercial instruments such as
IOLMaster or the Lenstar. However, designing a realistic custom-
ized eye model can be very complex because of a lack of detailed
measurements of the front and back surface of the lens and its
gradient index. Conversely, there are a number of commercial
systems available to obtain highly precise measurements of the
corneal topography of the eye. Taking into account that we are
measuring cornea-to-retina OPL and that the cornea sagittal heights
at the points of intercept can vary significantly between subjects, we
can presume that corneal topography will be an essential part of the
eye model that should be used to obtain reliable data of the retinal
contour from PCI measures. On the other hand, considering the
relatively small changes in refractive indices within the eye, it might
not be critical to know in detail the internal optics to compute the
contour of the retina with an acceptable error margin.

In this context, the goal of this work was to study the possibilities
of using a semicustomized eye model to derive the horizontal pos-
terior retinal contour from measures of OPL obtained with PCI.
The methodology described was used to estimate the retinal contour
of a group of subjects.

METHODS
Measurements and Subjects

Eye length was measured in the nonpathological right eyes of
55 young (mean age, 22.04 + 1.75 years) myopes with central re-
fraction (mean sphere) ranging from —0.60 to —5.80 diopters (D)
and axial length obtained with the IOLMaster (Carl Zeiss Meditec,
Jena, Germany) ranging from 23.12 to 26.23 mm. The clinical data
used in this study were obtained from a previous study,”® where
methodological details on data acquisition can be found. The study
complied with the Declaration of Helsinki, and an institutional re-
view board evaluated and approved the protocol. Pupil was dilated
using tropicamide 1% (Tropicil; Laboratérios Edol, Portugal), which
also permits to control accommodation. Pupil diameter was larger
than 7 mm for all subjects, which guaranteed EL measurements up
to 30 degrees. For each subject, three EL measures were averaged
in seven horizontal eccentricities (O) from 30 degrees nasal to
30 degrees temporal with respect to the visual axis in 10-degree steps.
Negative and positive values of O represent nasal and temporal
positions in the retinal plane, respectively. The procedure used was
similar to the one previously described by Mallen and Kashyap,'® in

which the patient rotates his eye without moving the head to fixate a
printed Maltese cross through a beam splitter. At each measured
eccentricity, the axis of the IOLMaster was readjusted to maintain an
almost perpendicular alignment with the anterior corneal surface.
This was controlled by the signal-to-noise ratio information pro-
vided by the instrument.

A narrow beam of coherent light coming from the IOLMaster,
which enters the eye along the apparatus axis, is captured as a narrow
beam coming out along the same axis after diffused reflection in the
retina. Thus, following the Fermat principle,*! the optical paths trav-
eled by the ray going in and that coming out of the eye are the same.

Corneal topography was also measured using a commercial to-
pographer (Medmont E-300, Vermont, Australia). For each sub-
ject, all measurements were performed in the right eye.

Calculating Retinal Single Locations from
IOLMaster Measurements

Direct measurements of the EL by IOLMaster should not be used
to obtain the position of the retina in the direction of measurement,
as previously indicated.'” However, knowing that the IOLMaster
uses an equivalent refractive index, Mg = 1.3549,'° we can retrieve
the OPL of the rays passing through the eye at a certain angle (O) by
multiplying EL by 7.q. Then, assuming an homogeneous refractive
index within the eye, measurements of EL made by the IOLMaster
at each O direction can be related to the vitreous path length in the
same direction using the following expression:

ELiotmaster(0O) * 1.3549 = PLcornga(O) * 1.3856

+ PLgurous(0) * 1.3459
+ PLrpns(O) * 1.4070
+ PLyrrreous(0) ¥ 1.3445 (1)

where 1.3856, 1.3459, 1.4070, and 1.3445 have been proposed
to be the group refractive indices of cornea, aqueous, lens, and
vitreous, respectively, for the wavelength used by the IOLMaster
(780 nm)."? Using a model eye and a ray tracing software Zemax-EE
(Radiant Zemax Development, Redmond, WA), a ray was traced
entering the eye perpendicular to the anterior cornea surface at each
angle O, that s, directed to the center of its sagittal radius of curva-
ture (because of the asphericity nature of the cornea, this location
will change for different angles ©). From ray tracing, the direction
and the physical distance traveled by the ray through the different
media can be known within the eye model: PLcorngea(O),
PLaqueous(0), and PLigns(0O). Those distances can be used in
equation 1 to calculate the physical length of the vitreous chamber,
PLyitreoUs(O), and obtain the seven points corresponding to the
(%2) coordinates of the ray intercept at the retina, for each value
of O referenced to a plane normal to the visual axis that crosses
the fovea at point (0,0).

Semicustomized Eye Model

For each subject, a semicustomized eye model was built based
on the Navarro eye model®? (Table 1), with the front corneal
surface replaced with a Zernike Standard Sag surface®> computed
from the topographic data of the subject.2#?> This surface includes
a regular revolution conic surface plus a Zernike polynomial ex-
pansion, which accounts for departures of the real surface from the
regular basis. Individual data obtained from anterior elevation
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TABLE 1.
Unaccommodated Navarro eye model parameters

Surface: type Comment Radius, mm Thickness, mm Conic

1 Standard Cornea 7.72 0.55000 —0.2600
(anterior)

2 Standard Cornea 6.50 3.05000 0.0000
(posterior)

STO Standard Pupil

4 Standard Lens 10.20 4.00000 —3.1316
(anterior)

5 Standard Lens —6.00 16.40398 —1.0000
(posterior)

IMA  Standard Retina —12.00 0.0000

STO indicates stop; IMA, image.

topography were fitted to the Zernike standard surface equation by a
least-squares method implemented in Matlab (The MathWorks,
Natick, MA).2° The phase refractive indices of the Navarro eye were
changed to match the ones proposed by Hitzenberger'? for an en-
velope of infrared waves as mentioned in equation 1.

Zemax-EE was then used to compute the ray tracing for each
angle O. In all cases, especially for large negative or positive values
of O, the beam from the instrument does not travel in a straight
line inside the eye. Thus, the point where the ray intercepts with
the retina does not lie in the direction of measurement as previ-
ously considered.

Estimating Retinal Contour

Traditionally, ocular surfaces are described in terms of conic
sections. A software was developed in Matlab (The MathWorks)
based on a least-squares method to compute the best fit of a conic
surface to the seven retinal location points obtained using the
methodology described above. The software was programmed to
allow a free orientation of the fitted conic sections to express
possible asymmetry aspects from the retina contour that would
be lost if the conic sections were fitted in their canonical form. The
general equation of the conic is a second-order polynomial of two
variables x, z

ar0x> + apnz® + ayxz + ayox + a1z + ap = 0 (2)

There are five independent parameters plus an arbitrary scale
factor. The fitting provided the values of the coefficients 4;. From
these coefficients, we computed the apex radii (R), applying
standard methods of linear algebra. The first step is finding the
affine transform (rotation and translation) that brings the conic
to its canonic position that is centered and aligned with the coor-
dinate system. Dertails are given in another work?® for the gen-
eral three-dimensional case. After finding the orientation (8)
and apex coordinates (xg, j0) of the conic, we can pass to the
canonic expression:

—=1 (3)

where @ and ¢ are the semiaxes. The apex radius and the conic
constant can now be calculated using the following equations:

R=d/c (4)

0= /et )
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Once the software was applied to all the subjects, we computed
the mean and the SD of the fitting errors to the conic curves (RMS).
The RMS fit errors higher than the mean *+ 3 SDs were considered
poor fits and were excluded. This represents a confidence interval of
nearly 100% (99.6%) because, at this stage, the goal was to discard
only those cases that do not follow the conic model with good ac-
curacy. Seven cases of an initial number of 62 were discarded because
of poor fit results according to this criterion. For simplicity, all the
results were normalized using the conic equations for a maximum
horizontal distance from the fovea (x) of £8 mm (average value of x
for £30 degrees of incidence angle) and plotted in 2-mm steps.

Testing the Validity of the Semicustomized Eye Model

Finally, the validity of using a semicustomized modeling ap-
proach was tested by performing the calculations in two different
ways. First, the retinal contour was computed using the anterior
cornea from the Navarro eye model, consisting of a rotationally
symmetric aspheric surface with an apical radius of 7.72 mm and a
conic constant of —0.26.%2 Next, the retinal contour was computed
by incorporating the actual corneal topography from the subject
(semicustomized approach). Results were compared to evaluate the
importance of using corneal topography in our methodology.

In the second test, the need for a highly customized eye model was
evaluated by including different values of lens thickness and cur-
vature. In addition to all the intersubject variability, the thickness
and shape of the crystalline lens change with age, becoming larger
and thicker.?*?” The use of an age-independent lens with a constant
shape and thickness in our semicustomized model could then result
in a relevant source of error in determining the retinal contour. This
potential source of error was checked by computing the retinal
contour using a full Navarro eye model and then changing its lens to
match the geometries of a 20- and a 70-year-old lens. This was done
by modifying the values of both the apical radius of the front surface
and the axial lens thickness of the lens, according to the experimen-
tal data of Atchison and coworkers.?’ In the procedure, the full
Navarro eye model with a spherical retina of =12 mm?® radius
was used to obtain the readings that the IOLMaster would
produce for the seven angle O values analyzed. Those values were
then used to recompute the retinal contour using the two lens
geometries mentioned above.

Statistical Analysis

Average values of the sagittal height of the retina from the plane
of reference were derived. The dispersion of data was represented by
error bars representing 2+ SD to account for 95% of the population
sampled and detect possible outliers. Normality of data under
analysis was verified by the Kolmogorov-Smirnov test. Differences
between sagittal heights at each eccentric measure were computed by
paired-sample # test. The level of significance was set for p < 0.05.

RESULTS

Fig. 1 presents the mean retinal contour obtained in the 55 right
eyes using the semicustomized eye model. The large value of
the error bars at ¥8 mm from the fovea (corresponding to
approximate O = 30 degrees) indicates the large variability in
shape between subjects. It can also be noted that there is a
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FIGURE 1.

Average sagitta values of the 55 subjects fitted with a conic (R=—11.91 mm, Q = —0.15). Error bars represent +2 SDs.

difference in the mean shape between the nasal and temporal
hemifields. A paired ¢ test comparing the individual sagitta
values obtained for opposite retina hemifield locations at 2-, 4-,
6-,and 8-mm horizontal coordinate confirmed the asymmetry (54 =
5.74, 6.17, 7.24, 7.61; p < 0.001). Axial length correlated with
central mean sphere only at a moderate level (R* = 0.2; p <0.001).
Retina sagitta height at central and peripheral locations as well as
asymmetry between nasal and temporal hemifields were not cor-
related to a significant level with axial length or central spherical
equivalent refractive error.

For comparison purposes with previous data in the literature,
the mean retinal contour was also plotted as a function of the angle

29,30

of the incident beam (O) (Fig. 2). Two particular cases were
included corresponding to those eyes that showed the largest positive
or negative difference between the retina sagitta heights at opposite
hemifield locations (nasal-temporal asymmetry).

Table 2 shows the statistics of the fitted 55 conics as well as the
parameters of the conic fit to the average data points.

Fig. 3 plots the average differences for the retina sagitta heights
(ASag) across the central 16 mm of the horizontal posterior pole
obtained when using the generic cornea of the Navarro eye instead
of individual corneal topographic data. Negative or positive ASag
values were obtained whenever the generic eye model predicted
steeper or flatter retinal contours, respectively, than the ones ob-
tained with the semicustomized eye model.

Fig. 4 shows the differences in the retina sagitta height when two
different lens geometries were used for the computation. For this
purpose, the lens of the Navarro eye was changed to match the

thickness and curvatures of a 20- and a 70-year-old eye according to
1.2° Negative ASag values

represent a steeper retina when using a different lens thickness and

the parameters reported by Atchison el a

anterior surface radius compared with the one obtained with the
generic Navarro eye lens geometry.

DISCUSSION

The present work describes a new method to derive a two-
dimensional retinal contour within the central 16 mm of the
horizontal posterior pole using a clinically available technology to
measure intraocular dimensions, corneal topography, and numer-
ical ray tracing.

As IOLMaster measures the OPL between the cornea and the
retina, it can be expected that differences in the anterior elevation of
the cornea (initial point of the OPL) as well as the length of the
vitreous chamber (locating the final point of the OPL) and thickness
of the crystalline lens should be critical for the computation of the
retina shape using PCI measures. Our results in 55 eyes agree with
this rationale, showing that the difference between using an eye
model with a generic cornea and one with a customized cornea can
lead to an error in the calculation of the retinal position up to 244 pm
(Fig. 3), which represents an error in the refraction of about 0.75 D
(roughly, 1 mm of increase in axial length corresponds to —3.0 D).
Although not tested, we can assume that, in eyes with pathological
corneas, such as keratoconus or corneal penetrating keratoplastia,
where deviations from a regular shape are much larger than in the
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FIGURE 2.

Average conic fit as a function of angle in object space (dotted line) and example of Nasal-Temporal retinal asymmetry of two individuals (black and gray lines).
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TABLE 2.
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Descriptive statistics of the parameters of the conic and of the RMS fit error

Range Average SD Fit to average data
RMS, mm 0.01 to 0.10 0.04 0.03 0.0023
Apex radius, mm —19.06 to —7.26 —-11.78 2.67 —11.91
Conic constant —2.37 to 3.38 —-0.29 1.24 —0.15
Orientation, B, degrees —43.47 to 44.51 0.09 16.68 11.56
Apex Xp, mm —1.91 to 1.72 —0.34 0.60 —0.36
Apex zo, mm —0.28 to 0.21 0.03 0.09 0.018

The shape of the conic is determined by the curvature radius at the apex and the conic constant; the orientation, B, is the angle between
the major axis of the conic and the visual axis, and the position is determined by the apex coordinates xg, zo.
*Kolmogorov-Smirnov: Lilliefors significance correction; p < 0.001 for all cases.

population evaluated, the retinal contour estimates will be much
more affected.

In our experiment, accommodation was artificially relaxed using
tropicamide so the lens curvatures should not change during the
measurements. We did not have direct measurements of the lens
curvatures of our subjects so we were not able to fully customize the
eye models. Nevertheless, assuming that the cornea and lens changes
in thickness with respect to that presented in the Navarro eye model
are usually less than 150 and 500 pm, respectively, and taking into
account that the changes in refractive index between those two
refractive elements and the humors are about 0.04 and 0.06 for
the cornea—aqueous humor and lens—aqueous or vitreous humor
(equation 1), we can expect that changes in OPL with the lens will
differ about 36 pm between different eyes, except for phakic or
pseudophakic eyes. Moreover, our previous simulation work has
also shown that the estimation of the actual axial length of the eye
with PCI might be biased only by 56 pm in eyes with different lens
thicknesses within a range of axial lengths from 20 to 30 mm.>' The
simulations presented in this work have also confirmed this finding
that the incorporation of specific lens parameters into the model
won’t produce a significant different in the estimation of the actual
retinal position. Yet we implemented a partial customization of the
lens by considering age-related changes of lens curvatures and
thicknesses. Fig. 4 shows that the difference in the retinal contour for
the two lens configurations used in the simulations are within the
range of tens of microns. This value is typically in the order of
magnitude of the error of the axial length measures given by the

80 -
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IOLMaster>® and represents a change in the equivalent refractive
sphere of the order of 0.1 D, which also are in the order of the
repeatability of the open-field autorefractometers usually used in
peripheral refractive measurements.*® In addition to the small dif-
ference in the OPL for different optics inside the eye, there is also a
change in the direction of the ray exiting the lens. This will also
modify the retinal contour estimate by causing a small transverse
deviation at the retinal plane. Although the actual deviation will
depend on the particular model eye used, the results in Fig. 4 suggest
that the errors induced by this fact should be small for horizontal
locations up to +8 mm away from the fovea, which represent ap-
proximately 60 degrees of visual field.

This study highlights the intersubject differences in the contour
of the posterior pole of the low to moderate myopic** eye using
a method that combines actual PCI measures with correction
mechanisms based on ray tracing (Figs. 1, 2). These differences can
reach 2.3 mm in sagitta height at 8 mm horizontal coordinate. The
majority of the subjects (48 of 55) presented a positive asymmetry
(Nasal Sag-Temporal Sag), that is, longest vitreous chamber in the
nasal hemifield (Fig. 1), which is in agreement with other reported
results.>*%3

Although previous studies have also shown that the posterior
shape of the eye might be related to the level of axial elongation, such
that longer eyes will tend to be steeper in the posterior pole,'***” in
this study, we have not found significant correlations between retinal
shape and axial length or even central refraction. This is not sur-
prising considering that 67% of the eyes included in our sample were
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FIGURE 3.

Effect of the customization of the cornea. Differences in the average retinal contour sagittas obtained when applying a generic cornea in the eye model.
Average differences rapidly increase with eccentricity, which suggests the need for a semicustomized eye model. Nonzero average differences indicate that

both models predict different contours. Error bars represent 2 SDs.
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FIGURE 4.

Effect of the customization of the lens. Differences in the retinal contour sagittas of the Navarro eye obtained when using a 20- and a 70-year-old lens model
instead of the generic lens geometry. Differences remain small even for large eccentricities, which suggest that there is no need for a full custom eye model.
Nonzero differences indicate that the two age-dependent models predict different contours.

low myopes (up to —3.00 D of mean sphere) and may not have yet
suffered enough stretching or elongation forces that would be
reflected in the contour of the posterior pole. Rather, our sample
might be a good example of how random the posterior ocular shape
might be in low to moderate myopes—most habitually targeted by
myopia retention treatments.>® 4

Assuming that peripheral imagery has an influence on
emmetropization and in the development of refractive errors,
differences as large as 2 mm in the estimation of the retinal lo-
cation at an angle of 30 degrees and beyond might help explain
why eyes with similar refractive errors react differently to the
same treatment.>® 2 The results from the present study stress
the need for semicustomized eye models incorporating actual
corneal topography and actual retinal contour when it comes to
designing optical treatments for wide angles.®?

In a future approach, other meridians can be assessed using
the same methodology to obtain a three-dimensional retinal
surface. In that case, more complex surfaces than conics will be

probably needed.
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