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Abstract: In this work, we analyze a proposal of a new intracorneal diffractive lens for presbyopia
correction that could allow good, distance, intermediate and near vision. By using an adaptive
optics visual simulator, we study the influence of two factors in the inlay performance: the spherical
aberration (SA) and the potential errors of in thickness, induced in the manufacturing process. We
show that the inlay through-the-focus imaging performance can be customized with the SA value,
favoring either distance–intermediate or intermediate–near vision. Moreover, we found that with
thickness variations of 10%, the inlay still maintains its trifocal nature.

Keywords: corneal inlays; presbyopia; spherical aberration; adaptive optics visual simulator; trifocal

1. Introduction

Presbyopia is a natural biological process that normally appears from the age of 40, that
consists of a gradual loss of the ocular accommodation [1–3]. The difficulty of performing
near-vision tasks at this age highlights the need for optical compensation use [2,3]. The
rising life expectancy [1] and the increasing use of new technologies such as smartphones,
tablets and computers [4] indicate that there will be a growing demand for solutions and
resources to address this problem [1,5]. Ophthalmic lenses [6,7], contact lenses [6,7], and
refractive surgery [6,8] are among the different solutions proposed to deal with presbyopia.

Another solution that involves minimally invasive and reversible surgery is to use
corneal inlays (CIs) [3,9,10]. CIs are small biocompatible implants that are inserted into a
pocket in the corneal stroma created using a femtosecond laser. Different optical principles
were explored in the past to design CIs, including refraction [11–14] and small aperture
inlays [15–17].

Nowadays, the only CI present in the market is the Kamra® (Acufocus Inc., Irvine, CA,
USA). It is an opaque disc with a small central hole that produces extended depth of focus in
the implanted eye. In this CI, thousands of micro-holes randomly distributed on its surface
allow for the flow of nutrients in the corneal stroma [15–17]. The main shortcomings of the
Kamra® include undesired diffractive effects produced by the micro-holes, as discussed in
several studies [7,9,18–20].

The newest concept of CI is the diffractive corneal inlay (DCI) [21], which is based in
the so-called “photon-sieve” concept [22]. A photon-sieve is an opaque plate having an
array of holes located in the open zones of an amplitude Fresnel zone plate. Thus, it acts as
a diffractive lens. In Ref. [21], it was demonstrated that the micro-perforations in the Kamra
inlay (which necessary to nourish the corneal tissue and are randomly distributed) can be
arranged to conform a photon-sieve like diffractive lens. In this way, the intrinsic negative
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effects produced by the diffraction through the micro-holes in the Kamra can be exploited
as an advantage in our designs, creating a near vision focus for the eye. Moreover, the
DCI can be customized to each patient by modifying the different design variables (such
as the radius of the central hole; the diameter of the inlay; and the addition, number and
distribution of micro-holes) [21,23].

In a recent paper [24], we proposed a new device in which the opaque surface of the
DCI was replaced by a transparent material to obtain a pure phase (transparent) diffractive
corneal inlay (coined PDCI). The result was the first trifocal CI. In it, the 0th diffraction
order, generated by the central hole, provides the focus for intermediate distances, while
the micro-holes in the periphery (located in the odd rings of the underlying zone plate)
create the ±1 diffraction orders that provide two additional foci located symmetrically, one
on each side of the 0th order. These two foci are intended for distance and near vision.

The aim of this work was to investigate the visual performance of the PDCI with
different amounts of spherical aberration (SA) because it is well known that the SA can be
used to increase the depth of focus in optical systems [25]. On the other hand, bearing in
mind that, for practical purposes, the thicknesses of the original PDCI design could make
the device too brittle, in this work we present a new design of PDCI with a thicker profile
in order to increase its robustness, and we investigated its tolerance to potential errors in
thickness during manufacture.

2. Materials and Methods

The diffractive structure of the previously proposed PDCI [24] consisted of a disk
of 4.2 mm diameter with a central hole of 1.4 mm. The central hole was surrounded by
253 micro-holes of different diameters, distributed in 5 concentric rings (see Figure 1). In
that case, the thickness of the PDCI was h = 3.5 µm just to produce a half wave opti-
cal path difference between the material and the micro-holes for the design wavelength
(λ0 = 555 nm). To increase its mechanical resistance, in this work the PDCI thickness has
been increased to a value that provides one wave and a half optical path difference between
the material and the holes. The other geometrical parameters of the original proposal were
maintained (see Figure 1). As detailed in Ref. [24], to design the PDCI we applied the
photon sieve concept to obtain a trifocal diffractive lens, in which each focus corresponds
to a different diffractive order.

The selected material for this new model was a hydrogel-based material of refractive
index n = 1.458, which was used previously in other corneal inlays [3]. For its design, we
assumed that the refractive index of the corneal stroma is nc = 1.376 [26]. With these values,
the ideal inlay thickness was h = 3 λ0/2 (n − nc) = 10.5 µm.

To study the new PDCI performance, an adaptive optics visual simulator (VAO,
Voptica SL, Murcia, Spain) was employed [19,27]. By using a liquid crystal based on silicon
(LCoS) RGB LED display, this clinical instrument allows for optical stimuli to be placed
virtually at different distances from the eye. In front of the eye, the phase profile of any
ophthalmic device can be simulated, including different values of optical aberrations for a
pupil diameter of 4.5 mm [28–30]. For these pupils, different photopic luminance values are
available: 40 cd/m2, 80 cd/m2 and 120 cd/m2. In this study, the visual performance of the
PDCI was assessed with polychromatic light and medium photopic luminance (80 cd/m2).
In addition, the effects of different amounts of SA (0.1 µm, 0 µm, −0.1 µm and ±1 µm
thickness deviations in the PDCI manufacturing) were evaluated.

Two different stimuli were used: (1) a high-contrast tumbling E optotypes correspond-
ing to a visual acuity (VA) of 0.4 logMAR units (0.4 decimal VA); and (2) a sinusoidal
grating with a frequency of 12 cycles/degree, which roughly corresponds to a 0.4 logMAR
test. In the experiments, the images were captured by an artificial eye, consisting on a
CMOS sensor (EO-10012C LE, 8 bits, 3840 × 2748 pixels, and 6.41 × 4.59 mm) with an
attached achromatic doublet (AC254-030-A-ML, Thorlabs Inc., Newton, NJ, USA).
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Figure 1. Three-dimensional representation of the new PDCI design. The PDCI material (in blue) is a
hydrogel of refractive index n = 1.458, and a representation of the location of the PDCI in the corneal
stroma.

The through-focus modulation transfer function (TF-MTF) was measured as the rel-
ative contrast of the images of a sinusoidal grating [31]. These images were virtually
located at different vergences, in the range +1.00 D to −4.00 D, separated by 0.25 D. A pupil
diameter of 4.5 mm was considered.

3. Results

We first evaluated the influence of different amounts SA (0.0 µm, +0.1 µm, and
−0.1 µm) on the TF-MTFs given by the artificial eye with the PDCI shown in Figure 1. The
results are shown in Figure 2. It can be noticed that with SA = 0.0 µm the PDCI (black
line) produces a clear trifocal profile. However, positive and negative amounts of SA affect
the intermediate focus in an opposite way. On the one hand, negative SA produces an
overlapping of the intermediate and near foci, resulting in a bifocal profile with extended
depth of focus for near-intermediate vision. On the other hand, positive SA produces an
overlapping of the intermediate and far foci that produces a bifocal profile with extended
depth of focus for distance-intermediate vision. Thus, the SA affects the refractive focus
(intermediate vision) more than the diffractive foci (far and near).

To provide more insights about the visual performance of the PDCI under the influence
of different amounts of SA, images of a tumbling-E optotype corresponding to 0.4 logMAR
VA and 0.0 logMAR VA were obtained. The results are shown in Figures 3 and 4. It can be
seen that the same effect obtained in Figure 2 is reproduced in both Figures 3 and 4. In the
last case, the visibility of the letters is lower, but it was included to show that the extended
bifocal profile obtained with positive and negative values of SA are also visible with letters
of 0.0 logMAR VA.
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Figure 4. Through-the-focus images of a tumbling E optotype (VA = 0.0 logMAR) provided by the
PDCIs with the same values of SA as in Figure 2. Shaded vergences indicate the position of the foci.

In order to evaluate the manufacturing tolerance to deviations from the ideal thickness
of 10.5 µm, the TF-MTFs results for two PDCIs with a difference of ±1.0 µm thickness are
shown in Figure 5. Note that in both cases, the trifocal profile is preserved. For the PDCI of
thickness h = 9.5 µm, the visibility of the letters is very similar for all three foci (dotted line).
For the PDCI of thickness h = 11.5 µm, the intermediate focus improves with respect to the
other two foci (continuous green line). Figure 6 shows the images captured at the foci (far,
intermediate and near) of tumbling E’s, corresponding to 0.0 logMAR, 0.2 logMAR and
0.4 logMAR. It can be seen that the results of the TF-MTFs and the images at the foci are
highly correlated.
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diate and near foci.

4. Discussion

In recent years, there has been increasing interest in CIs for the correction of presbyopia,
mainly because it is an effective, reversible and minimally invasive therapy [3,9,10]. New
models of CIs can benefit from advances in new biocompatible materials and improvements
in laser technology [10]. In this work, we employed an adaptive optics visual simulator to
investigate, for the first time, the influence of two important parameters that could affect
the PDCI visual performance: its robustness against thickness variations that could arise
during manufacturing, and the SA of the eye. Adaptive optics visual simulators have
proven to be very effective tools for designing and non-invasive testing of ophthalmic
optical elements, including CIs [24,25].

We found that SA has important effects on the image performance of the PDCI. As
shown in Figures 2–4, different values of SA affect mainly the intermediate focus. This
is a relevant result that could be of interest to surgeons for customized treatments in
patients with specific vision needs, given that certain amount of SA can be induced during
the implant surgery [32]. Moreover, it presents the possibility to design new PDCIs in
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which the distribution of the micro-holes will follow a fourth-order polynomial along the
radial coordinate to compensate for the effect of different amounts of SA in the eye [21].
Nevertheless, the reader should be aware that the estimation of the SA induced in the
operation is not an easy task because there are several critical factors involved that could not
be accurately estimated in a first approach (corneal biomechanics, surgical instrumentation
and technique, etc.).

Another important parameter that should be taken into account in the design of CIs
is their thickness because, on the one hand, a CI of a few microns facilitates the flow of
nutrients through the inlay and minimizes the risk of corneal inflammation; however, a very
thin CI could be difficult to manufacture and to handle (the Kamra® inlay is one example).
On the other hand, a thick DCI such as the one here proposed will be more robust and
reduce possible thickness errors in manufacturing. However, the risk of inducing corneal
thickness variations and epithelial decompensation must be evaluated.

Finally, it is important to remark that, although promising, the results of this study
were obtained with a virtual PDCI programmed in a visual simulator under medium
photopic luminance. Therefore, they cannot be extrapolated to clinical conditions directly.
Future studies of DCIs with the VAO system will be performed with real patients and
different lighting conditions before proceeding with the construction and clinical trials with
DCI prototypes.

5. Conclusions

A new design of the trifocal PDCI was presented, and its performance under the influ-
ence of SA and thickness variations due to potential manufacturing errors was studied. We
found that the SA extends the focal depth of the intermediate focus by a partial overlapping
with the far focus or near focus, depending on the sign of the SA. Considering that different
amounts of SA can be induced by the laser in inlay surgery, this would allow one to obtain
a customized focal distribution that suits the visual needs of each patient. Regarding the
influence of thickness error, it has been shown that with thickness variations of ± 1 µm, the
inlay still preserves the PDCI trifocality.
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