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Abstract

PURPOSE—To compare the validity and effectiveness of 2 methods for expanding depth of
focus to correct for presbyopia; that is, induction of spherical aberration and small pupil apertures.

SETTING—University of California, Berkeley, California, USA.
DESIGN—Comparative case series.

METHODS—A random 4-alternative forced-choice acuity task was performed. Visual
performance and depth of focus was compared using adaptive optics—corrected distance visual
acuity (CDVA) values and mean visual acuity over a 3.0 diopter (D) range of defocus using the
following 3 adaptive optics—corrected profiles: 2.0 mm pupil, 5.0 mm pupil, and 5.0 mm pupil
with —0.274 pm of spherical aberration.

RESULTS—The study enrolled 13 subjects. The 5.0 mm pupil profile had a CDVA of -0.218
logMAR and a mean visual acuity through focus of 0.156 logMAR. The 2.0 mm pupil profile had
a worse CDVA (0.012 logMAR) but an improved mean visual acuity (0.061 logMAR). The 5.0
mm pupil profile with —0.274 pm of spherical aberration measured a CDVA of —0.082 logMAR
and a mean visual acuity 0.103 logMAR.

CONCLUSIONS—The spherical aberration and small-pupil profiles improved the mean visual
acuity across a 3.0 D range of defocus but resulted in decreased CDVA at the plane of best focus
in comparison to an adaptive optics—corrected 5.0 mm pupil. Small-pupil profiles are a better
choice than spherical aberration profiles for presbyopic corrections due to expected accuracy,
predictability, and patient satisfaction.

With more than 1 billion people worldwide requiring near-vision correction for their age-
related loss of focusing ability, the field of presbyopia research is an area of significant
interest in vision care.! Bifocal and multifocal contact lenses can help alleviate the
dependence on spectacles but are not without disadvantages in comfort and convenience,
and many people would prefer a 1-time surgical procedure that would lead to a permanent
solution to near-vision blur. Multifocal contact lenses have been found to increase depth of
focus, thereby aiding in near vision tasks; however, this improvement in near vision has
been found to cause a reduction in peak visual performance at distance.23
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Laser vision correction and cataract intraocular surgery can also improve near vision by
using multifocality. It has been proposed that laser vision correction could achieve this by
inducing spherical aberration through an ablation pattern using an excimer laser that
increases the prolateness of the cornea, thereby inducing negative spherical aberration.*
Femtosecond treatments, such as lamellar keratoplasty or intrastromal cylindrical rings,
could conceivably create similar conditions of multifocality. In addition, intraocular lenses
(IOLs) allow for an even wider variety of multifocal solutions to loss of near vision.

Monovision is another method that has been used successfully with contact lenses as well as
with refractive surgery. The success of monovision would depend on the ability and
willingness of a patient to adapt to and accept using 1 eye for near vision and the other eye
for distance vision to achieve a wider range of good vision. The resultant loss of good
binocular vision, however, has remained a significant concern for many patients.

Perhaps as early as 1677, Descartes realized that the human eye had spherical aberration. In
1801, Thomas Young® described an instrument that could demonstrate its existence, and
now spherical aberration in the eye has been successfully measured and described in
significant detail.5=2 It is known that the natural human lens typically exhibits negative
spherical aberration,® which could cause reduced vision quality if not counteracted by the
positive spherical aberration generally measured in the cornea.1%:11 On average, the human
population exhibits an overall small amount of positive spherical aberration.12 There is some
suggestion that the spherical aberration that is present could benefit our natural vision
through improved depth of focus.13 Gou et al.14 suggest that spherical aberration would
protect against the worsening of contrast sensitivity that occurs in the presence of defocus.

Attempts have been made to apply this understanding of spherical aberration to surgical
corrections for improving near vision. Multifocal laser in situ keratomileusis (LASIK)
ablation profiles create varying curvatures across the surface of the cornea to provide
focused light at the retinal plane for distant objects and near objects. This lack of a singular
focus, however, would cause the image quality to be compromised at all distances but
operates on the assumption that it is possible to expand the depth of focus using
multifocality with only minor loss in visual performance at distance and near.® There is
some evidence that these multifocal surface ablations delay the near-vision loss from
presbyopia, although there might be some loss of peak performance vision.16:17

Multifocal IOLs function on a similar principle, with multiple zones on the artificial
implanted lens being designed to focus incoming light on the retina for distant objects and
near objects. There has been some discussion about whether there is certain amount of
spherical aberration could be placed in an I0L to optimize visual performance.1819 Most
studies, however, concluded that although multifocal 10Ls can increase depth of focus, they
also reduce contrast sensitivity as well as peak visual performance.20:21

Another area of interest is the effect that small pupil apertures have on increasing depth of
focus. It is known that although higher-order aberrations (HOAS) increase with age, pupil
size decreases.22:23 Both these age-related changes could result in a wider depth of focus,
although any beneficial effect could be minimal if the resulting peak performance decreases
as well. Small-aperture corneal implants have been shown to improve near vision in patients
by expanding the depth of focus. Some evidence also shows that this method might not
produce the same loss in peak performance as measured with induced spherical
aberration.24:25

Because both spherical aberration profiles and small-pupil-aperture profiles are designed to
improve near vision by expanding the depth of focus, this study was performed to compare,
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in the same experimental setting, the vision quality and performance that are obtained
through these 2 methods.

SUBJECTS AND METHODS

Participants were obtained through local volunteers and an online recruitment web site.
Informed consent was obtained from all participants after written and oral explanations were
given regarding possible complications. The experiment was approved by the University of
California, Berkeley, Committee for the Protection of Human Subjects, and all protocol
adhered to the tenets of the Declaration of Helsinki.

Subjects were chosen from a pool of volunteers who reported good ocular health and no
significant need for spectacle correction. All subjects had 20/20 or better corrected distance
visual acuity (CDVA) and uncorrected distance visual acuity and did not routinely wear
spectacle correction. All included subjects had between -0.25 diopter (D) and +1.00 D of
spherical correction and between 0.00 D and —0.75 D of cylindrical correction needed for
best correction using the Shack-Hartmann wavefront aberrometer.

One eye of each subject was dilated and cyclopleged using 1 drop of tropicamide 1.0% and
1 drop of phenylephrine 2.5% approximately 20 minutes before testing. Additional drops
were added to maintain cycloplegia if testing lasted more than 1 hour. An eye patch was
placed to cover the nontested eye. Testing occurred over 90 minutes or less for each subject.

After dilation, the pupil size was selected using an adjustable artificial aperture conjugate to
the participant’s pupil plane; the aperture was calibrated during each session to ensure
accuracy. An adaptive optics scanning laser ophthalmoscope was used to project a high-
contrast stimulus on the retina using an 840 nm infrared low-coherence light source.26:27
Before testing, the field size was calibrated using a calibration grid to ensure precise settings
for image size. Optimization was performed on the central portion of the grid to prevent
distortion of the aspect ratio for horizontal and vertical dimensions that could provide cues
for determining letter orientation. Further calibration was performed as described by Rossi et
al.2” to overcome errors caused by the nonlinear scanning velocity of the resonant scanner.

Aberrations were measured using a Hartmann-Shack wavefront sensor, and best spectacle
correction was obtained using spherical and cylindrical trial lenses based on Hartman-Shack
wavefront sensor measurements.28 A MEMS deformable mirror (140 actuator with 3.5 um
stroke, Boston Micromachines) was used to correct or control remaining lower-order
aberrations and HOAs, and adaptive-optics performance was gauged by computing the
aberrations of the eye using Zernike terms up to the 10th order. Adaptive-optics control of
the optics was set before testing and then fixed. It was reset when the subject sat out of the
instrument or any other time it was deemed necessary. Custom aberration profiles were
generated through a graphical user interface menu system that allowed the operator to type
in Zernike coefficients for the desired wave aberration. The reference offsets for the
Hartmann-Shack spots were set accordingly, and the adaptive-optics system drove the
mirror to the reference in closed-loop operation. As such, the desired aberration replaced,
and was not added to, each subject’s aberrations. To correct all aberrations, the reference
was to a flat-plane wavefront. The Hartmann-Shack wavefront sensor displayed and logged
the actual coefficients to allow the user to easily monitor adaptive-optics performance.

For each trial, participants were presented with a random 4-alternative forced-choice test
using a tumbling E Snellen letter at a letter size initially determined to be slightly larger than
the predicted threshold. Letters were adjusted in 5-pixel fixed-step increments (1 pixel/letter
line) in a 1-up, 2-down procedure with a value of 62.5% correct used to calculate threshold
values. All visual acuity values were reported in logMAR units.
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Participants were shown 40 trials for each defocus value to establish threshold values.
Between each series of 40 trials, defocus was added or subtracted in 0.50 D increments
using trial lenses. Before each series of trials, a best adaptive-optics correction was acquired
before inserting trial lenses for providing defocus.

Participants were tested for visual acuity over a range of 3.00 D of defocus under the
following 3 conditions: adaptive optics—corrected 5.0 mm pupil, adaptive optics—corrected
5.0 mm pupil with —0.274 um of Z(4,0) spherical aberration, and adaptive optics—corrected
2.0 mm pupil. Under the 2.0 mm pupil condition, an optical system is near the diffraction
limit. Adaptive-optics correction was obtained at 5.0 mm and was used to ensure that no
residual defocus or astigmatism remained to interfere with testing. An artificial aperture
conjugate to the participant’s pupil was then reduced to 2.0 mm and checked for accuracy.
Visual performance and depth of focus were evaluated using the best adaptive optics—
corrected visual acuity as well as the mean visual acuity across the entire 3.00 diopter range
of defocus values, which was measured in 0.50 diopter increments (a mean of the means).

Thirteen eyes of 13 subjects were included in the study. The mean age of the 7 men and 6
women was 28.1 years + 7.3 (SD). The mean total root mean square (RMS) for 5.0 mm
pupil was 1.08 £+ 0.66 um. The mean HOA RMS for 5.0 mm pupil was 0.55 £ 0.28 um. One
subject previously had LASIK but reported good results and no complications. Testing
results of the subject who had LASIK were very similar to the other subjects and did not
differ significantly in any category.

Good optical correction was obtained under the initial condition of adaptive optics—corrected
5.0 mm pupil with mean RMS of 0.061 + 0.012 um. Higher-order aberrations accounted for
85% of residual aberrations with a mean RMS of 0.052 £ 0.010 pm. The mean RMS was
calculated to be 0.0002 £ 0.0002 pm for the 2.0 mm pupil condition.

Under the Z(4,0) spherical aberration condition with a 5.0 mm pupil, the mean RMS was
0.302 £ 0.019 um. For all participants, the Hartman-Shack wavefront sensor measured the
mean spherical aberration applied using the deformable mirror to be —0.274 + 0.013 um.
This value was consistent across the 13 participants with only slight variability.

Light-source levels were held constant regardless of pupil size to realistically compare
visual performance for each condition. A constant light source level, however, would result
in decreased illumination on the retina for smaller pupil sizes. A change from a 5.0 mm
pupil to a 2.0 mm pupil results in a 6-fold decrease in pupil area and, because of the slightly
Gaussian profile of the entrance beam, a 5-fold decrease in the retinal illuminance was
measured by a power meter at the level of the pupil plane (Figure 1).

Through-focus visual acuities of subjects under the adaptive optics—corrected 5.0 mm pupil
condition had a V pattern, with the best visual acuity obtained at 0.00 D defocus (Figure 2).
The mean visual acuity at best focus was -0.218 + 0.095 logMAR. The mean visual acuity
across the entire 3.00 D range of defocus values was 0.156 + 0.052 logMAR.

When the pupil size was decreased to 2.0 mm, the through-focus curve flattened
considerably (Figure 3). The mean visual acuity at the plane of best focus was still obtained
at 0.00 D defocus but worsened to 0.012 + 0.067 logMAR, a 2-line drop in Snellen visual
acuity compared with the 5.0 mm adaptive optics—corrected condition. The visual
performance remained a much more stable through focus, and the mean visual acuity across
the entire 3.00 D range of defocus values improved to 0.061 + 0.041 logMAR, averaging 1
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line of Snellen acuity better through the entire range of defocus compared with the 5.0 mm
adaptive optics—corrected condition.

For the adaptive optics—corrected pupil with added negative spherical aberration Z(4,0) =
—0.274, the plane for the best mean visual acuity shifted to —1.00 D of defocus (Figure 4).
The best visual acuity was almost 1 line of Snellen acuity better than the 2.0 mm pupil
adaptive optics—corrected condition but at —0.082 £+ 0.080 logMAR, it was more than 1 line
of Snellen visual acuity worse than without the induced spherical aberration. The mean
visual acuity across the entire 3.00 D range of defocus values improved by a half line of
Snellen visual acuity over the adaptive optics—corrected 5.0 mm condition but a half line of
Snellen visual acuity worse than the 2.0 mm pupil condition at 0.103 + 0.040 logMAR.

Although a 3.00 D range of defocus values was chosen to represent a satisfactory depth of
focus for an individual wanting to see both distance and near, a smaller or larger range of
defocus values could be selected arbitrarily as well. As Figure 5 shows, an adaptive optics—
corrected 5.0 mm pupil (solid line) provided the best mean visual acuity for all ranges of
defocus values until approximately 2.25 D range. At that point, a 2.0 mm pupil (dashed line)
began to provide a better mean visual acuity value. At no point did the spherical aberration
profile (dotted line) provide the best mean visual acuity for any range of defocus values.

The ttests showed that the difference in the best adaptive optics—corrected visual acuity
scores were significantly different for all 3 groups at the plane of best focus. The adaptive
optics—corrected 5.0 mm pupil (=0.218 logMAR) was better than the adaptive optics—
corrected 5.0 mm pupil with Z(4,0) equaling —0.274 (-0.082 logMAR) (P = .0014) and
better than the adaptive optics—corrected 2.0 mm pupil (0.012 logMAR) (P < .00001). The
adaptive optics—corrected 5.0 mm pupil with Z(4,0) equaling —0.274 (-0.082 logMAR) was
better than adaptive optics—corrected 2.0 mm pupil (0.012 logMAR) (£ = .006).

The ttests also showed that the difference in mean visual acuity scores across 3.00 D of
defocus were significantly different in all 3 groups. The adaptive optics—corrected 2.0 mm
pupil (logMAR = 0.061) was better than the adaptive optics—corrected 5.0 mm pupil with
Z(4,0) equaling —0.274 (0.103 logMAR) (P =.018) and better than the adaptive optics—
corrected 5.0 mm pupil (0.156 logMAR) (£ < .001). The adaptive optics—corrected 5.0 mm
pupil with Z(4,0) equaling —0.274 (0.103 logMAR) was better than adaptive optics—
corrected 5.0 mm pupil (0.156 logMAR) (P=.014).

DISCUSSION

We found that the 2.0 mm pupil profile provided a significantly better mean visual acuity
than the 5.0 mm adaptive optics—corrected pupil profile or the 5.0 mm pupil profile with
—0.274 um spherical aberration. The 5.0 mm spherical aberration profile did not offer an
improvement in mean visual acuity over the adaptive optics—corrected 5.0 mm pupil until
the range of defocus was greater than 2.25 D. At no range of defocus was the mean logMAR
acuity for spherical aberration profile better than the 2.0 mm adaptive optics—corrected pupil
or the 5.0 mm adaptive optics—corrected pupil value.

Although objective image-quality metrics have shown accuracy in predicting subjective
image quality, variability in individual subjects and the added variability of changing pupil
sizes and resulting light levels can decrease their predictive validity. Because of this,
subjective testing remains an important step in comparing the effects of spherical aberration
and small pupil apertures on vision across a range of defocus values.2%-31

When comparing different pupil sizes, it should be remembered that smaller pupils reduce
the amount of light that enters the aperture and cause the stimulus to have reduced signal-to-
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noise compared with larger pupils. A similar study could be performed in which perceived
stimulus brightness was kept constant by increasing the laser light source. In this study, the
840 nm light source was already at maximum brightness to provide maximum contrast in the
5.0 mm pupil conditions. It was, therefore, not possible to increase illumination in the 2.0
mm pupil condition to match the perceived brightness of the 5.0 mm pupil conditions. It is
expected that increasing the illumination for the 2.0 mm pupil condition would increase
visual performance for all defocus values by increasing contrast levels. Visual performance
at the plane of best focus would still be expected to be worse than the adaptive optics—
corrected 5.0 mm pupil because the 2.0 mm pupil condition is more limited by diffraction.
Clinically, with good illumination and a high-contrast visual acuity chart, it is possible to
achieve Snellen visual acuities of 20/20 or even 20/16 when viewing through a 2.0 mm
artificial aperture. Thus, it would be expected that a 2.0 mm pupil could achieve improved
logMAR acuity at the plane of best focus with increased luminance.

Surgical or optical corrections that rely on small pupils to provide improved depth of focus
could cause a worsening of visual function in areas of low lighting because of the significant
decrease in retinal illuminance. This would be particularly debilitating for individuals who
have cataracts or other optical media opacities. Because the onset of presbyopia is an early
precursor to cataract formation, a surgical or pharmaceutical treatment that induces small
pupils would require a careful ocular examination to determine whether the patient would be
a good candidate for such a procedure. Although the contrast sensitivity loss that occurs with
age worsens with higher spatial frequencies, there is evidence that the gradual miosis that
occurs with age has a measurable positive effect on contrast sensitivity.32

Although spherical aberration was shown to increase depth of focus, the amount of
improvement may not be considered significant enough to justify the loss in CDVA (Figure
6). Measures of depth of focus (eg, width at 50% threshold) often rely on the peak value,
which is the maximum visual acuity level in this case. Spherical aberration lowers the peak
value and would therefore artificially expand the depth of focus by changing the point at
which the width is measured. Spherical aberration also causes a shift in the plane of best
focus, as seen in Figure 6. In this case, negative spherical aberration can be partially
corrected with negative defocus.

A small pupil (2.0 mm in this case) would be the easier solution to implement and would be
more predictable and uniform across a target population. A small (2.0 mm) pupil will
approach the diffraction limit and would virtually neutralize all inherent HOAs except in
extreme circumstances, such as keratoconus or other conditions causing high levels of
wavefront distortions. In contrast, HOAs have been extremely difficult to correct using
wavefront-guided surgical corrections with laser vision correction procedures (eg, LASIK)
or intraocular implants. Despite the advancements in wavefront-guided technologies over
the past decades, wavefront surgical corrections have failed to show evidence of a
predictable and uniform reduction in HOAs.33:34 |t follows that the ability to generate a
specific level of aberration in the eye would be equally difficult. Spherical aberration would
be less effective in increasing depth of focus in the presence of other HOAs and therefore
requires the capacity to minimize other existing aberrations to be effective. Current surgical
wavefront corrections continue to measure similar or greater levels of postoperative
aberrations.

Even if spherical aberration could be successfully applied to the human visual system in

isolation, the blur from this specific aberration is asymmetrical, varying with positive and
negative defocus. By comparison, the blur for a small pupil is symmetrical, identical with
positive and negative defocus and involves a simple reduction in contrast. Figure 7 shows
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the difference in legibility created by spherical aberration versus a small pupil for a 20/20
Snellen letter.

In our study, the majority of participants reported a subjective visual preference for the small
pupil profile over the profile with induced spherical aberration, although the reduction in
illumination for the 2.0 mm pupil profile was described as problematic. Some subjects
reported a subjective visual preference for the brighter, more distorted stimulus produced by
the spherical aberration profile over the dimmer, but more uniform stimulus of the 2.0 mm
pupil. The uniformity of the stimulus across defocus levels and across spatial frequencies for
the 2.0 mm pupil profile can be shown by examining the modulation transfer function
(MTF). As shown in Figure 8, the MTF fluctuates much more significantly over the range of
defocus values for the profile with spherical aberration than with the 2.0 mm pupil profile.
As seen in the MTF graphs, the 2.0 mm profile shows very few contrast reversals across
1.00 D or 2.00 D of defocus. In contrast, the 5.0 mm profile with negative spherical
aberration shows frequent contrast reversals across spatial frequencies in the presence of
defocus, exhibiting a lack of uniformity in vision across the range of defocus values that
may not be satisfactory.

Although a 2.0 mm pupil provided inferior visual quality at the best focal plane when
compared with an adaptive optics—corrected 5.0 mm pupil (a 2-line difference in Snellen
acuity), this comparison would be unlikely to occur in a clinical setting because the average
eye has significant aberrations that can reduce vision quality compared with the more ideal
adaptive optics—corrected condition. As Figure 9 shows, for individuals with normal
wavefront aberration profiles, there is an improvement in distance vision (0.00 D defocus)
when the pupil decreases from 5.0 mm to 3.0 mm. Also, when negative spherical aberration
is added to a normal 5.0 mm wavefront profile, there is an improvement at the intermediate
range of vision (=1.00 D defocus). This improvement is negated, however, if the pupil size
is reduced to 3.0 mm. This leads to 2 conclusions. First, individuals with large pupils and/or
greater than normal levels of HOAs could realistically expect to observe a significant
improvement in CDVA with a 2.0 mm pupil. Second, multifocal wavefront profiles would
not add significant value to intermediate or near vision for patients with smaller pupils (<4.0
mm). Because pupil size decreases with age,3° this would hinder efforts to correct
presbyopia with a multifocal solution, particularly since HOAs also tend increase with
age.23 Multifocal solutions that use diffractive corrections would be less influenced by pupil
size but would not be unaffected.

In conclusion, both spherical aberration and small-pupil profiles were shown to be valid
methods of increasing depth of focus, although both also resulted in decreased visual acuity
at the plane of best focus compared with an adaptive optics—corrected 5.0 mm profile. For
presbyopia corrections that rely on an improved depth of focus to improve near vision, one
would have to consider whether the loss in corrected visual acuity is an acceptable tradeoff
for the improvement in near vision that is produced with the expanded depth of focus. In this
study, no tested profile achieved a mean visual acuity of 0.0 logMAR (20/20 equivalent
Snellen Acuity) across an entire 3.00 D range of defocus.

The 5.0 mm pupil profile with spherical aberration produced a better peak visual acuity but
smaller depth of focus than the 2.0 mm pupil profile. The 2.0 mm profile decreased
illumination levels, resulting in decreased contrast, but produced an image that was more
uniform across spatial frequencies and less variable through focus, as demonstrated by the
MTF. Due to an inability to consistently and accurately change, correct, and/or induce
desired levels of HOAs in refractive surgery, we conclude that small-pupil profiles are a
better choice than spherical aberration profiles for surgical presbyopic correction. A
correction using a small-pupil profile would be more predictable and uniform in its vision
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results and would therefore provide greater patient satisfaction if expectations were managed

ap

In

propriately.

this study, we considered a small pupil and the induction of spherical aberration as

separate treatment modalities. A third option would be to combine the benefits of a smaller
pupil on depth of focus with added negative spherical aberration. Due to technical issues, we
were not able to induce a desired level of spherical aberration and measure its accuracy on a
2.0 mm pupil using a deformable mirror because the level of light was not adequate for

ac

curate reading by the wavefront aberrometer. This could be a consideration for a future

study.
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Figure 1.
Measured retinal illuminance with a change in pupil diameter (mm, x-axis)
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Figure2.

Mean visual acuity scores with standard deviations across 3.00 D of defocus along with data

points for 13 subjects with an adaptive optics—corrected 5.0 mm pupil.
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Figure 3.
Mean visual acuity scores with standard deviations across 3.0 D of defocus along with data
points for 13 participants with adaptive optics—corrected 2.0 mm pupil.

J Cataract Refract Surg. Author manuscript; available in PMC 2013 December 01.




1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Hickenbotham et al.

Visual Acuity (logMAR)

0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4}
_0_5_33

|

|

Page 15

bk o

| 1 |

L | |
2.5 2 -15 -1 -0.5 0 0.5
Defocus (D)

Figure 4.

Mean visual acuity scores with standard deviations across 3.0 D of defocus along with data
points for 13 participants with adaptive optics—corrected 5.0 mm pupil with Z(4,0) spherical
aberration equaling —0.274.
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Figureb5.
Comparison of mean visual acuity with 3 optical profiles and varying ranges of defocus (AO
= adaptive optics).
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Figure6.
Comparison of mean visual acuities of 13 participants for all 3 tested conditions for 3.00 D

range of defocus.
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Figure7.
Simulated vision through 3 tested profiles. 20/20 Snellen E letter (0 logMAR) was
convolved with point spread function of each condition through focus.
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Figure8.

Simulated MTFs for 5.0 mm pupil, 5.0 mm pupil with negative spherical aberration (-0.274

pum), and 2.0 mm pupil (AO = adaptive optics). The x-axis represents spatial frequencies.
The y-axis represents modulation for given spatial frequencies.
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Figure9.

Simulated vision for a normal wavefront profile and a normal profile with added spherical
aberration (—=0.274 um for 5.0 mm pupil). 20/20 Snellen E letter (0 logMAR) was convolved
with point-spread function with 0.00, —1.00 D, and —2.50 D of defocus (Dist. = distance;
Inter. = intermediate).
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