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Abstract: Custom Spectral Domain Optical Coherence Tomography
(SD-OCT) provided with automatic quantification and distortion
correction algorithms was used to measure anterior and posterior
crystalline lens surface elevation in accommodating eyes and to evaluate
relationships between anterior segment surfaces. Nine young eyes were
measured at different accommodative demands. Anterior and posterior
lens radii of curvature decreased at a rate of 0.78 + 0.18 and 0.13 + 0.07
mm/D, anterior chamber depth decreased at 0.04 + 0.01 mm/D and lens
thickness increased at 0.04 + 0.01 mm/D with accommodation. Three-
dimensional surface elevations were estimated by subtracting best
fitting spheres. In the relaxed state, the spherical term accounted for
most of the surface irregularity in the anterior lens (47%) and
astigmatism (70%) in the posterior lens. However, in accommodated
lenses astigmatism was the predominant surface irregularity (90%) in
the anterior lens. The RMS of high-order irregularities of the posterior
lens surface was statistically significantly higher than that of the anterior
lens surface (x2.02, p<0.0001). There was significant negative
correlation in vertical coma (Z;™) and oblique trefoil (Z5°) between
lens surfaces. The astigmatic angle showed high degree of alignment
between corneal surfaces, moderate between corneal and anterior lens
surface (~27 deg), but differed by ~80 deg between the anterior and
posterior lens surfaces (including relative anterior/posterior lens
astigmatic angle shifts, 10-20 deg).

© 2015 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (120.6650) Surface
measurements, figure; (110.6880) Three-dimensional image acquisition; (100.2960) Image
analysis; (330.7327) Visual optics, ophthalmic instrumentation; (330.7322) Visual optics,
accommodation; (200.4560) Visual optics, aging changes.
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1. Introduction

The optical components of the eye are the cornea and the crystalline lens; they must be
transparent and have appropriate shape and refractive indices for providing an optimal
retinal image. The cornea accounts for most of the optical refractive power, while the
crystalline lens provides approximately one third of the total static refractive power of the
eye and is the responsible for the focusing ability in young eyes (process known as
accommodation) [1-9].

During accommodation, the ciliary muscle contracts, relaxing the tension on the
zonular fibers and changing the crystalline lens geometry, primarily increasing the
curvature of its surfaces. These changes overall contribute to additional ~10 diopters (D)
of refraction in the young adult eye; however, by age 45 most of the accommodation
amplitude is lost (process known as presbyopia) [10,11].

Despite the important contribution of the crystalline lens to the optical quality of the
eye, due to its inaccessibility, knowledge of in vivo geometrical parameters of the
crystalline lens (relaxed or accommodated) is limited. Information on the crystalline lens
provided by commercial instruments is generally limited to axial properties (e.g.,
crystalline lens thickness). There are also numerous reports in the literature reporting lens
radii of curvature, measured generally with adapted commercial or custom-developed
instruments: Purkinje imaging [12,13], Scheimpflug camera [14-16], Magnetic
Resonance Imaging (MRI) [17] and, recently, Optical Coherence Tomography (OCT)
[18-21].

Different studies have also reported the change in the optics of the crystalline lens with
accommodation, describing changes in spherical aberration (towards more negative
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values), and an increase in astigmatism and coma [6-9]. Lens aberrations have been
measured either ex vivo (using laser ray tracing [22] or Hartmann-Shack [23]), or in vivo
by subtracting corneal aberrations from total aberrations [24,25]. However, although
aberrometers allow measuring the relative contribution of the crystalline lens to the optics
of the eye, the relative contribution of the lens surfaces themselves to aberrations is still
poorly understood. In particular, most data on anterior and posterior lens surfaces come
from single cross-sections, not revealing topographic features of the lens.

A deeper analysis of lens shape and geometry is crucial for understanding its optical
properties, and will help to understand (1) the compensatory role of the crystalline lens
aberrations to corneal aberrations, (2) the mechanisms of accommodation of the
crystalline lens, (3) the role of the crystalline lens in the development of refractive errors
(e.g., myopia), (4) the age-related changes of the crystalline lens optics and (5) will help
to increase the predictability of intraocular lens (IOL) implantation.

In this study, we present, for the first time to our knowledge, 3-D surface elevation
crystalline lens changes with accommodation in vivo. We specifically explored the role of
astigmatism and high-order irregularities of all anterior segment surfaces (cornea and
lens) and their relationship.

2. Material and methods
2.1. Subjects

Nine eyes from seven young subjects (mean age: 31 + 3.1 y.0) were studied. Refractive
errors ranged between —5.25 to + 0.75 D sphere and —1.25 to 0 D cylinder (Table 1).
Subjects signed a consent form approved by the Institutional Review Boards after they
had been informed on the nature and possible consequences of the study, in accordance to
the tenets of the Declaration of Helsinki.

Table 1. Individual refractive profile (age and refractive error)

Age (y.0)  Sphere (D) Cylinder (D) / axis (deg)

S#1 (OS) 29 -05 -0.5/20

S#2 (OD) 32 -15 -0.5/80

S#2 (0S) 32 -15 -0.25/110
S#3 (OD) 26 -25 -0.75/150
S#4 (0S) 30 -15 —-0.25/50
S#5 (0S) 36 -5.25 -1.00/170
S#6 (OD) 31 -4.25 -1.25/175
S#6 (0S) 31 -4.25 -1.25/180
S#7 (0S) 33 +0.75 -0.5/80

2.2. OCT system

The SD-OCT instrument, and a set of algorithms for image processing and distortion
correction (fan and optical) to obtain anterior and posterior corneal and crystalline lens
topographies from OCT images have been described in detail in previous publications
[26-32]. Briefly, the set-up is based on a fiber-optics Michelson interferometer
configuration with a superluminiscent diode (Ao = 840 nm, AL = 50 nm) as a light source,
and a spectrometer consisting of a volume diffraction grating and a CMOS camera as a
detector. The effective acquisition speed is 25000 A-Scans/s. The axial range is 7 mm in
depth, resulting in a theoretical pixel resolution of 3.4 um. The nominal axial resolution,
as given by the coherence length of the source, is 6.9 um in tissue.

For the purposes of this study, an external accommodative channel was incorporated
to the OCT. A Badal system mounted on a motorized stage (VXM-1, Velmex) was used
for compensating defocus and for inducing accommodation. The fixation stimulus
consists of a 20/25 white Snellen E-letter presented in a black background on a Digital-
Light-Processing (DLP) picoprojector (854x480 pixels, Philips NV, Amsterdam,

#247424 Received 11 Aug 2015; revised 22 Oct 2015; accepted 23 Oct 2015; published 24 Nov 2015
© 2015 OSA Dec 2015 | Vol. 6, No. 12 | DOI:10.1364/BOE.6.005039 | BIOMEDICAL OPTICS EXPRESS 5042



Netherlands; 55 lum) subtending a 5-arcmin visual angle. Two neutral filters (ND 16)
were placed after the picoprojector to produce an average luminance of ~30cd/m? in an
otherwise dark environment. The OCT axis was aligned with the pupilary axis by moving
the fixation stimulus in 5 pixels-steps horizontally and vertically until the iris appeared
flat in the preview OCT horizontal and vertical cross-sections, so all measurements were
acquired when both OCT and pupilary axis were aligned.

2.3. Experimental protocols

The subjects viewed the stimulus monocularly, with the contralateral eye covered with a
patch during the measurements. Measurements were collected in 11x11 mm area and
consisted of a collection of 50 B-scans composed by 300 A-scans. The total acquisition
time of a 3-D data set was 0.6 seconds. These parameters showed a good balance between
time acquisition and resolution for further Zernike fit of the surfaces. The anterior
segment of the eye was imaged while stimulating accommodation from 0 to 6 D, in 1.5-D
steps. Images containing artifacts (i.e., eyelids) which precluded corneal and lens surface
analysis within the optical zone were excluded. Five repeated measurements were
collected in each condition after inducing mydriasis with one drop of phenylephrine,
which allowed larger pupils without paralyzing the ciliary muscle.

The specifications of the spectrometer and light source do not allow sufficient axial
range to capture all anterior segment surfaces in a single acquisition. To solve that, three
sets of 3-D images were captured sequentially at 5 seconds after blinking: (1) cornea, (2)
anterior lens and (3) posterior lens, rapidly shifting axially the plane of focus; all 3-D sets
of data contained the iris.

2.4. OCT image processing

In previous studies, we described image-processing tools for distortion correction,
denoising, segmentation and merging of volumes [27-30,32-35]. The quantification
capabilities of the OCT have been validated ex vivo with artificial model eyes with known
dimensions, and in vivo comparing with other imaging techniques (videokeratography,
Scheimpflug and non-contact profilometry) [30]. In this study we incorporated improved
signal processing algorithms, including a simpler and more robust approach to automatic
surface segmentation. For every B-scan, simple uni-modal thresholding and
morphological operations on the resulting binary image were used to generate masks,
which allowed identification of signal of interest in the different eye structures.
Segmentation algorithms use properties of these masks (i.e. centroid positions) and a-
priori knowledge on the measurements (i.e. relative position of iris and cornea). Finally,
an AND operation between labeled masks and edges (obtained using a Canny detector) is
performed in order to obtain the layers of interest.

Images of the cornea, anterior lens and posterior lens were merged for further
registration: (1) the corneal image was inverted (since, for efficiency in the focus range
shift, the cornea was acquired in the opposite side of the Fourier transform) and then (2)
the 3-D volumes of the anterior cornea/iris and posterior lens/iris were shifted to the fixed
reference in order to superimpose these volumes to the anterior lens/iris volume (Fig. 1).

Distortion correction (fan and optical) algorithms were applied on the merged volumes
for quantification by using 3-D ray tracing routines [29-32]. The corneal refractive index
was taken as 1.376, the aqueous humor refractive index as 1.336, and the crystalline lens
refractive index was obtained from the age-dependent average refractive index expression
derived by Uhlhorn et al. [36]. Figure 2 illustrates the change in anterior segment
biometric and geometrical parameters following transformation of optical paths to
distances and distortion corrections. For example, distortions produced errors of 38%-17%
in the estimates of anterior and posterior lens radii of curvature.
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The optical zone diameter reduced across surfaces due to refraction. The mean
diameters in the different surfaces were 6.32 + 0.07 mm at the anterior cornea, 6.17 + 0.06
mm at the posterior cornea, 5.47 £ 0.11 mm at the anterior cornea, and 4.74 £ 0.12 mm at
the anterior cornea in the relaxed state (mean + SD for all eyes). For comparison of the
surface elevation maps, the analysis was performed for a constant pupil of 4-mm diameter
(common to all subjects and surfaces, and free of edge artifacts).

Cornea Anterior Lens Posterior Lens

Y

Merged
Volumes -

Fig. 1. Illustration of the acquisition of an individual data collection of three volume
acquisitions and merging to obtain a 3-D full anterior segment volume.

No distortion correction Distortion correction

R=838 “.““ - R=8.3 mm

r

2 el -~ ==Y Anterior Comea

- eI T = R=6.7 mm
e = = = = = = =AM I T = = = B posterior Comea
| | 344mm
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ACD | P y R=12.8 mm
| N Anterior Lens
R=208mm X-—-—--- 4.15 mm
Anterior Lens | LT
N T R 5 R=-6.0 mm
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R=-72mm | . —_— i
X == st 000
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Fig. 2. lllustration of the effect of distortion correction on the anterior segment surfaces in
S#1 (OS). Left data: from optical paths, without distortion correction; right data: distortion
correction.

All signal processing algorithms run completely automatically with no need of user
interaction. Full computational processing time per eye was 14.6 s (Intel Xeon CPU@3.5
GHz processor, 8GB RAM).

2.5. Biometric, geometric and surface elevation changes with accommodation

The geometrical distances between ocular elements in the anterior segment were taken
from the apex positions: (1) anterior chamber depth (ACD), distance between the
posterior corneal apex and the anterior lens surface apex, and (2) lens thickness (LT),
distance between the anterior and posterior lens apex (Fig. 3).

Corneal and lens segmented surfaces were first fitted by spheres, and their radii of
curvature estimated. Corneal and lens surface elevations were obtained by subtraction of
the best fitting spheres from the segmented surfaces. Both, corneal and lens surfaces were
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fitted by Zernike polynomial expansions (6th order; note that these Zernike coefficients
describe surface elevations, and not wave aberrations).

Descriptive parameters of the surface elevation maps include individual surface
Zernike coefficients, the Root Mean Square (RMS) for all high order coefficients
(excluding tilt, defocus and astigmatism) and the RMS of the combination of some terms
(RMS astigmatism, RMS trefoil and RMS coma).

CORNEAL AND LENS

BIOMETRY SURFACE ELEVATION MAPS
Corneal Radii (Zernike coefficients, 4mm)
A Anterior Cornea Posterior Cornea
‘ 0015
ACD | ‘ 0.01
y ‘ 10005
Ant Lens R ‘
___Anteriorlens _ Posterior Lens o g
Lens Thichness | -0.005
' -0.01
Y
Post Lens R ‘ 20015

Fig. 3. (a) Examples of 3-D images in S#2 (OD) relaxed (left) and for 6 D of
accommodative demand (right). (b) Corneal (up) and crystalline lens (down), anterior
(left) and posterior (right) surface elevation maps in S#2 (OD) relaxed accommodation.
Data are for 4 mm.

2.6. Accommodative response

The accommodative response was estimated from the changes in the anterior segment
biometry data (radii, ACD and LT) with accommodation. A schematic eye model in
paraxial approximation (considering all refractive indices of the eye) was used to analyze
the refractive change of the eye.

n, -1 1 1) (n-n,) LT
P.=—" = P =(-n) ——— |[+——TL — 1
LR e R W
*p_* n,—n,)*LT*P
P:PC+PL—ACD Fe PL+( =) £ )

n, n*R,
where P, P, and P, are the power of the eye, cornea and lens, n,, and n, are the refractive

indexes of the aqueous humor and the lens, and R¢, R, and R, are the radii of curvature of
the cornea, anterior lens and posterior lens

2.7. Corneal and lens surface astigmatism axis

The corneal and lens surfaces astigmatism (C) and angle (o) were obtained from the
surface elevation astigmatism Zernike coefficients using Eq. (3):

2 -2
J, = 2£CZ s = 2\£§2C2 ;C :—2%]5 +J§5;a:%arctan\3£ Eq.(3)
0
Where Jy and Jy5 are the surface power at axis o = 0 and 45 degrees respectively, and r
the pupil radius (2-mm, in this study). To ensure that the minus-cylinder axis is a value
between 0 and 180 degrees we consider the following: If Jo < 0, then meridian = axis + 90
degrees; if Jo = 0, and if J45 < 0, then meridian = 135 degrees; if Jo = 0, and if J45 > 0, then
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meridian = 45 degrees; if Jo > 0, and if J45 < 0, then meridian = axis + 180 degrees; if Jg >
0, and if J,5 > 0, then meridian = axis [37].

We represent anterior and posterior corneal and lens surface astigmatism data in a
power vector graph. The length of the vectors represents the calculated magnitude of
surface astigmatism (in diopters) and the direction of the vectors allows estimating the
relative angle between anterior and posterior corneal and lens astigmatism axis. All
vectors were represented in a polar coordinate system.

2.8. Spatial resolution and accuracy considerations

The effective axial resolution, the effect of lateral sampling, and the robustness of the
merging algorithm were investigated, as they all play a role in the accuracy of the lens
surface elevation estimates. A simulation on virtual surfaces with added white noise of
standard deviation equal to the nominal axial resolution (1000 realizations), revealed
differences between the original-correct-surface and the noisy surfaces of 2.4 um (RMS
surface elevation) and 0.28 um (RMS of the Zernike coefficients). Therefore the error
caused by the axial resolution limit is around half to that given by the nominal OCT axial
resolution. Also, a simulation using 500 random realistic surfaces of 300 A-Scans x 300
B-Scans in a 5x5 mm which were then subsampled by a sampling factor of 6 in the y-
coordinate (as in our measurement configuration, 50 B-Scans) showed that the RMS error
between the generated and the subsampled surfaces was below 0.3 um, demonstrating a
low impact of sampling in the lateral resolution of our measurements. Finally, we
evaluated the accuracy and robustness of the merging methodology by removing a
percentage of points of the iris (randomly taken from a uniform distribution), and we
compared the estimated center point of the complete and the subsampled iris. The mean
estimation error was below 2 um for Xo, Yo and zq if we removed 80% of the iris points.

2.9. Statistics

The changes in lens surfaces with accommodation were analyzed using an analysis of
variance (ANOVA,; general linear model for repeated measurements). Significant levels
(ANOVA and pair-wise two tailed comparison t-test) were set at p<0.05. The statistical
significant levels were adjusted by a Bonferroni correction. The statistical tests were
performed using SPSS software (SPSS, Inc., Chicago, Illinois).

3. Results
3.1. Anterior and posterior lens surface elevation (relaxed state)

Figure 4 shows anterior and posterior surface elevation maps (3rd and higher-order terms)
and Fig. 5 shows the Zernike terms (also including astigmatism), in all eyes in the relaxed
state. The posterior lens shape generally shows higher magnitude than the anterior lens in
some higher order terms. On average, for the unaccommodated state, the individual
dominant high-order irregularities of the anterior lens surface were horizontal/vertical
(H/V) astigmatism (Z,?), oblique trefoil (Z5 %), and spherical (Z,°), accounting for 15%,
11% and 21% of the variance, respectively. For the posterior lens surface, the individual
dominant high-order irregularities were oblique astigmatism (Z, ) and vertical quadrafoil
(Z4"), accounting for 48% and 32% of the variance, respectively. The RMS of high-order
irregularities and astigmatism of the posterior lens surface was statistically significantly
higher than that of the anterior lens surface (high-order irregularities: x2.02, p<0.0001;
astigmatism: x1.58, p = 0.01).
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Fig. 5. Anterior and posterior crystalline lens surface Zernike coefficient (plots include
astigmatism and high-order terms; pupil diameter is 4-mm).

3.2. Comparison of Zernike coefficients of ocular surfaces (cornea and crystalline lens)

An analysis of repeatability showed highly reproducible Zernike coefficient across
repetitive measurements (average SD for all high-order Zernike coefficients) within each
surface: 0.33 pum (anterior cornea), 0.57 pm (posterior cornea), 0.29 um (anterior lens),
0.59 pum (posterior lens), in the relaxed state. Table 2 shows correlations of anterior and
posterior corneal and anterior and posterior crystalline lens Zernike coefficients in the
relaxed state. A significant correlation indicates that the magnitudes of individuals
Zernike coefficients are closely associated. We found strong positive correlation in H/V
astigmatism (Z,?), spherical (Z.%), vertical coma (Z; ™) and secondary astigmatism (Z, 2
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and Z,%) between corneal surfaces, and strong negative correlation in vertical coma (Z;™)
and oblique trefoil (Z3™) between lens surfaces. We further investigated the relationship
between corneal and lens surfaces. There is significant positive correlation in the spherical
aberration (Z,°) between anterior corneal and anterior lens surfaces and significant
negative correlation in lateral coma (Z3') and positive correlation in vertical trefoil (Z5™°)

between anterior corneal and posterior lens surfaces.

Table 2. Pearson correlation coefficient and p-value for individual Zernike

coefficients in corneal and lens surfaces in the relaxed state.

Cornea Lens Cornea & Lens
Ant vs Post Ant vs Post Ant Cornea vs Ant Cornea vs
Ant Lens Post Lens
. . Z,? r=0.55; p=0.15 =-0.25; p=0.5 =-0.57; p=0.1 =-0.35; p=0.3
Astigmatism 2> | 2070 p=001* | r=063;p=008 | r=-0.37:p=03 | r=-037;p=0.3
Spherical z r=0.79; p=0.02* r=-0.34; p=0.41 r=0.83; p=0.01* r=-0.19; p=0.6
Coma zZ;t r=0.69; p=0.05* =-0.74; p=0.03* =-0.39; p=0.3 r=0.53; p=0.16
Z3 r=0.39; p=0.33 r=0.06; p=0.87 r=-0.03; p=0.9 r=-0.73; p=0.03*
Trefoil Z5® r=0.42; p=0.28 r=-0.71; p=0.04* r=-0.33; p=0.4 r=0.82; p=0.01*
zZ3 r=0.33; p=0.41 r=0.62; p=0.09 r=0.15; p=0.7 r=-0.26; p=0.5
Secondary  Z;? r=0.83; p=0.01* r=0.28; p=0.49 r=-0.25; p=0.5 r=-0.35; p=0.3
Astigmatism  Z,° r=0.97; p=0.001* r=-0.33; p=0.38 r=0.42; p=0.3 r=-0.15; p=0.7

Figure 6(a) shows average Zernike coefficients of all subjects (astigmatism and high-
order terms) of the corneal and lens surface elevation maps in the relaxed state. The higher
corneal coefficients were the horizontal astigmatic terms Z,%, followed by the spherical
term Z,°. Corneal surface astigmatism was significantly higher in the posterior than in the
anterior cornea (p<0.001). The sign of the average Zernike surface coefficients in the
anterior and posterior crystalline lens surfaces is opposite in some coefficients (i.e. Z,%,
Z3*, Z52 and Z,%). As shown in Fig. 6(b), on average (all subjects) anterior and posterior
corneal surfaces Zernike terms are positively correlated (r = 0.97, p<0.0001), while
anterior and posterior lens surfaces Zernike terms are negatively correlated (r = 0.43, p =
0.04).
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Fig. 6. (a) Cornea and crystalline lens surface elevation Zernike terms (astigmatism and
high-order) in the relaxed state (average over all subjects). (b) Cornea and crystalline lens
individual Zernike coefficients (high-order) in the relaxed state.

3.3. Phenylephrine vs natural anterior lens surface topography with accommodation

Figure 7 compares the Zernike coefficients of the anterior crystalline lens surface between
phenylephrine and natural conditions, for different levels of accommodation. RMS
differences range between 0.41 pum and 0.81 um. The correlation between Zernike
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coefficients of the lens surface elevation in both conditions were high (r = 0.85-0.97,
p<0.0001).
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Fig. 7. Natural vs phenylephrine conditions in the anterior crystalline lens surface (Zernike
coefficients) for all accommodative demands.

3.4. Changes in anterior segment geometry and biometry with accommodation

For the relaxed state, the average ACD was 3.43 + 0.21 mm, central lens thickness was
3.88 £ 0.19 mm, and the average anterior and posterior lens radii of curvature were 13.07
+ 1.28 mm and —6.48 + 0.51 mm respectively. ACD decreased at a rate of 0.04 = 0.01
mm/D (Fig. 8(a)) and lens thickness increased at 0.04 + 0.01 mm/D (Fig. 8(b)) with
accommodative demand. Both anterior and posterior lens surfaces became steeper with
accommodation (particularly the anterior lens surface): anterior and posterior lens radii of
curvature changed at rates of 0.78 + 0.18 and 0.13 + 0.07 mm/D (Fig. 8(c) and 8(d)). The
ranges of radii of curvature, ACD and lens thickness in the accommodated state, as well
as their change with accommodative demand, are consistent with those reported in the
literature [35]. On average, the standard deviation across subjects and accommodative
states in axial distances were 0.028 mm in ACD and 0.027 mm in lens thickness. The
optical power of the lens was estimated for all subjects at all accommodative demands
(Fig. 8(e)). It ranges from 17.5 to 22.7 D in the relaxed state and from 21.5 to 25.9 D for 6
D of accommodative demand. The average change was 0.81 + 0.19 D per D of
accommodative demand.
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Fig. 8. Biometric and geometrical changes with accommodation: (a) Anterior Chamber
Depth, (b) Lens Thickness, (c) Anterior Lens Radius and (d) Posterior Lens Radius (e)
Accommodative response vs Accommodative demand in all subjects.
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3.5. Changes in anterior and posterior lens surface elevation with accommodation

Figure 9 and Visualization 1 shows an example (S#2, OS) of the corneal and lens
segmented surfaces from the OCT image (left) and the corresponding anterior and
posterior lens surface elevation maps for different accommodative states (right).

Figure 10 shows changes in RMS of high-order irregularities, astigmatism, coma,
trefoil and spherical as a function of accommodative demands. High-order irregularities,
astigmatism, coma and trefoil increased with accommodation by a factor of x1.44
(p<0.05), x1.95 (p<0.05), x1.42 and x1.28 in the anterior lens surface (between 0 and 6
D), respectively, and changed by a factor of x1.04, x1.10, x1.39 and x1.33 in the posterior
lens surface (between 0 and 6 D), respectively. Interestingly, we found a notch at 3 D for
the RMS high-order irregularities, RMS coma and RMS trefoil in 7/9 subjects in the
posterior lens surface, but this was not found to be statistically significant. As in previous
studies reporting wave aberrations, we found that the spherical term changed toward
negative values with accommodation in the anterior lens surface but this tendency is not
observed in the posterior lens surface.

Anterior Lens Posterior Lens
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Fig. 9. (Visualization 1) Example of the anterior segment segmented surfaces (corneal and
lens) with accommodation (left) and the corresponding lens surface elevation maps for
different accommodative demands (right). Data are for subject S#2 (OS). Pupil diameter
in maps is 4-mm.
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spherical for different accommodative demands. Data are for 4-mm pupils.

Table 3 shows the average relative contribution (in terms of variance, RMS?) of lower
and higher order Zernike terms (astigmatism, coma, trefoil, spherical term, 4th order and
of 5th and higher-order coefficients). In the relaxed state, the spherical term accounts for
most of the surface irregularity in the anterior lens (47%). However, with accommodation,
the astigmatism is the predominant surface irregularity (accounting for 90% of the
variance). In contrast, the posterior lens surface astigmatism accounts for 70% of the
variance in the relaxed state, but with accommodation its contribution decreased.

Table 3. Relative contribution (in terms of %) of different Zernike terms to the
overall surface elevation maps (for 4-mm pupils).

Anterior Lens Surface Posterior Lens Surface

0D 15D 3D 45D 6 D (0]] 15D 3D 45D 6 D
Astigmatism | 17.05 93.16 91.03 94.05 9452 | 70.06 4813 21.20 3.33 68.67
Coma | 3.12 5.35 2.76 0.46 0.53 1.33 0.10 7.47 3.59 13.10
Trefoil | 13.13  0.67 1.96 0.06 0.06 2.45 6.85 14.88 0.31 3.07
Spherical | 47.32 0.03 2.87 4.44 4.44 1.73 26.17 34.21 54.87 6.24
4" order | 19.06 0.74 1.34 0.97 0.97 23.31 18.14  21.69 36.36 7.98
Others | 0.30 0.03 0.01 0.01 0.01 111 0.58 0.53 151 0.91

3.6. Corneal and lens surface astigmatism magnitude and axes with accommodation

On average, the astigmatic axis of the anterior and posterior corneal surfaces tends to be
aligned (6.2 + 2.1 deg). In the relaxed state of accommodation, the astigmatic axis of the
anterior lens surface is moderately rotated with respect to the anterior cornea (27 + 25 deg,
on average). Furthermore, the anterior and posterior lens astigmatism axes differed by 80
+ 42 deg.

Figure 11 shows a power vector analysis of surface astigmatism in anterior and
posterior lens surface in all eyes, for all accommodative demands. Individually, the
relative angle between corneal astigmatic axis and anterior lens astigmatic axis was <20
deg in 5/9 eyes (S#1 (OS), S#2 (0OS), S#3 (OD), S#6 (OD) and S#6 (OS)), >20 and <50
deg in 3/9 eyes (S#2 (OD), S#5 (0S) and S#7 (OS)) and > 80 deg in 1/9 eyes (S#4 (OS)).
In contrast, the relative angle between the anterior and posterior lens was around 90 deg in
7/9 eyes (S#1 (OS), S#3 (0S), S#4 (0S), S#5 (0S), S#6 (OD), S#6 (OS) and S#7 (0S)),
while was <10deg in 2/9 eyes (S#2 and S#3). At the maximum accommodative demand
the relative angle between anterior and posterior lens was on average 90 + 43 deg, around
40 deg in 3/9 eyes (S#2 (OD), S#2 (OS) and S#4 (0S)), around 90 deg in 3/9 eyes (S#1
(0S), S#6 (0S) and S#6 (0S)) and >120 deg in 3/9 eyes (S#3 (OD), S#5 (OS) and S#7
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(0S)). The average change of the astigmatism angle with accommodation was 15 + 11
deg and 21 + 18 deg in the anterior and in the posterior lens surface, respectively.
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Fig. 11. Power vector polar plot of astigmatism in anterior and posterior crystalline lens
surfaces, for different accommodative demands. Each panel represents a different eye.
Red lines stand for anterior lens and blue lines for posterior lens astigmatism. Each line
type represents a different accommodative demand. The angle represents the axis of
astigmatism and the length of the vectors represents the magnitude of the corresponding
surface astigmatism.

Figure 12 shows the change in the magnitude of astigmatism with accommodative
demand. In the relaxed state, the magnitude of astigmatism was higher in the posterior
lens surface but this tendency reversed in most subjects with accommaodation.
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Fig. 12. Astigmatism surface magnitude in all eyes for different accommodative demands.
4. Discussion

The higher speed and axial and lateral resolution of OCT makes it an ideal tool to evaluate
the anterior segment of the eye (cornea and lens) in 3-D. Most previous studies
quantifying lens geometry in vivo using different imaging modalities were limited to only
one or two central cross-sections (2-D information) and generally report only central
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thickness and radii of curvature [19-21]. However, the cornea and the crystalline lens
surfaces are non-rotationally symmetric, therefore 3-D measurements are required.
Recently, OCT combined with dedicated image processing algorithms provide accurate 3-
D corneal [30,38-40] and lens [28] surface reconstructions after distortion correction.

This study represents, to our knowledge, the first in vivo study reporting the cornea
and the crystalline lens shapes in 3-D as a function of accommaodation, allowing studying
relationships across the surfaces elevation maps, and the 3-D changes of the anterior and
posterior crystalline lens surfaces with accommodation.

Knowledge of corneal and lens astigmatism and surface irregularities is critical for
understanding the underlying optical causes for astigmatism, and the relative contribution
of the different optical elements. To date, the contribution of the crystalline lens
astigmatism to total astigmatism comes from indirect comparison of ocular astigmatism
(measured by refraction or aberrometry), and corneal astigmatism (measured by
keratometry or corneal topography) [25,41-43]. Javal postulated a relationship between
corneal and refractive astigmatism, proposing a compensation of —0.5 D of against-the-
rule corneal astigmatism by the internal optics. However, the Javal rule has been adjusted
over time, either based on theoretical considerations or clinical data [41,42,44]. Artal et al.
[24] and Kelly et al. [25] found significant negative correlation for anterior corneal
horizontal/vertical total and internal astigmatism of the internal optics, suggesting at least
a partial compensation for corneal astigmatism by the lens in a relaxed state.

Our results suggest that compensation of astigmatism does not only happen between
the cornea and the crystalline lens but also between the lens surfaces of the ocular
components. In agreement with prior work by Dubbelman et al. [45,46] we found that on
average the posterior corneal surface compensated part of the irregularities of the anterior
cornea, in particular astigmatism (31% [45] / 18% in the current study) and coma (from
3.5% [46] / 12% in the current study). As in the cornea, our study also revealed a high
correlation between the magnitude of the irregularities of the anterior and posterior lens
surfaces in coma and trefoil terms, indicating coordinated development. Although we did
not find correlations between the magnitude of astigmatism of the anterior and posterior
crystalline lens surfaces, the tendency in many subjects for orthogonal astigmatic axis in
anterior and posterior lens (which we had also shown in vivo in a preliminary study on
three young subjects) also indicates compensatory processes accounted by lens geometry.
Interestingly, this tendency was also reported in some ex vivo eyes by Sun et al. [47] on
isolated crystalline lenses, more frequently in younger than older lenses.

Our study did not directly address the presence of Gradient Index (GRIN) distribution
in the lens, and its potential role in our findings. Siedlecki et al. [48] found that a
homogeneous index could overestimate the posterior lens asphericity but not the posterior
lens radius of curvature. Previous work on isolated lenses shows that GRIN plays in fact a
major compensatory role for the spherical aberration [49,50], by shifting lens spherical
aberration towards more negative values, and therefore compensating the spherical
aberration of the cornea. With accommodation, de Castro et al. [49] found more negative
aberration and a larger shift toward more negative values. However, although posterior
lens surface shape estimation could have a benefit by increasing knowledge of the lens
GRIN (especially in the spherical Zernike terms), it should be noted that the ex vivo GRIN
distribution represents more closely values the GRIN in a maximally accommodated state
and it is unlikely that GRIN plays a major role in non-rotationally symmetric aberrations.
In fact, in a recent study on the impact of shape and GRIN on the astigmatism of isolated
lenses, Birkenfeld et al. [22] found little influence of GRIN on the magnitude and axis of
lens astigmatism.

Overall, our results of crystalline lens surface elevation in vivo hold similarities with
those that we recently reported on ex vivo human donor lenses [47]. As in this study, we
found significant correlations between anterior and posterior vertical coma and vertical
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trefoil (ex vivo data showed correlations also in several other high order terms). However,
we found in vivo significantly higher astigmatism and high-order irregularities in with the
posterior lens surface than in the anterior lens surface, which was not reported ex vivo.
Differences between results in vivo and ex vivo may be associated to the lack of zonular
tension in the isolated lenses, which may be responsible for some of the irregularities in
the posterior lens in vivo. In fact isolated lenses adopt its more accommodated form, and
therefore, lens surface elevations from ex vivo data are more representative of
accommodating lenses.

As the lens accommodates, many studies have demonstrated accommodation-induced
changes in aberrations of the eye, which include changes in spherical aberrations, and to a
lesser extent in astigmatism, coma, and trefoil [6,8,9,23]. The most relevant high order
aberration change in the lens with accommodation is the negative shift of spherical
aberration (due to changes in radii of curvature and asphericity, and to a lesser extent
GRIN). Although some of these changes may be associated to some changes in lens tilt
with accommodation [51], our results show that changes in lens surface astigmatism
(including relative anterior/posterior astigmatic angle shifts between 10 and 20 deg) can
also occur. We also found some systematic (not monotonic) changes in high order surface
terms, coma and trefoil in particular, with accommodation, both for anterior and posterior
lens surfaces.

In summary, quantitative OCT imaging in accommodating eyes has allowed us to
evaluate changes in the anterior segment of the eye with accommodation, including 3-D
corneal and lens surface elevation maps, allowing us to gain insights on the geometrical
changes undergone by the eye with accommodation, and the relative contribution of the
different lens surfaces to the optics of the eye, including astigmatism and high-order
aberrations. Further studies on a larger population of different age and/or refractive
profiles will allow gaining insights on the role of the crystalline lens on the age-dependent
changes of the eye’s optics.
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