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PURPOSE. To investigate the impact on visual performance of modifying monovision with
monocularly induced spherical aberration (SA) to increase depth of focus (DoF), thereby
enhancing binocular through-focus visual performance.
METHODS. A binocular adaptive optics (AO) vision simulator was used to correct both eyes’
native aberrations and induce traditional (TMV) and modified (MMV) monovision corrections.
TMV was simulated with 1.5 diopters (D) of anisometropia (dominant eye at distance,
nondominant eye at near). Zernike primary SA was induced in the nondominant eye in MMV.
A total of four MMV conditions were tested with various amounts of SA (60.2 and 60.4 lm)
and fixed anisometropia (1.5 D). Monocular and binocular visual acuity (VA) and contrast
sensitivity (CS) at 10 cyc/deg and binocular summation were measured through-focus in three
cyclopledged subjects with 4-mm pupils.
RESULTS. MMV with positive SA had a larger benefit for intermediate distances (1.5 lines at 1.0
D) than with negative SA, compared with TMV. Negative SA had a stronger benefit in VA at
near. DoF of all MMV conditions was 3.5 6 0.5 D (mean) as compared with TMV (2.7 6 0.3
D). Through-focus CS at 10 cyc/deg was significantly reduced with MMV as compared to TMV
only at intermediate object distances, however was unaffected at distance. Binocular
summation was absent at all object distances except 0.5 D, where it improved in MMV by 19%
over TMV.
CONCLUSIONS. Modified monovision with SA improves through-focus VA and DoF as compared
with traditional monovision. Binocular summation also increased as interocular similarity of
image quality increased due to extended monocular DoF.
Keywords: aberrations, presbyopia, monovision, binocular adaptive optics

resbyopia, the age-related loss of accommodation, mostly
affects the population aged over approximately 50 years.1–3
Due to the prevalence of presbyopia, there has been a great
deal of effort toward its correction. While a true restoration of
accommodation does not yet exist, there are many strategies
that aim to optically recover near vision, the most common of
which include reading glasses and bifocals. Accommodative
intraocular lenses (IOLs) represent an option with promise of
dynamic power change of the eye, yielding a genuine
restoration of accommodation; however, their results are
inconsistent.4,5 The other common approach to presbyopic
correction is pseudoaccommodation, or the optical increase of
depth of focus (DoF). This can be achieved by restricting the
pupil with a small-aperture corneal inlay,6–8 or with multifocal
optical corrections that can be implemented with contact
lenses,9,10 corneal refractive surgery,11,12 or IOLs.13–15 Multifocal optics can improve presbyopic through-focus visual
performance; however, many previous studies evaluating their
efficacy are based on monocular visual performance.16,17
Monovision is a technique that utilizes the binocular nature
of the visual system. In traditional monovision, anisometropia is
induced to the nondominant eye, thereby correcting it for near
vision, whereas the dominant eye remains corrected for distant
vision.18–20 Via suppression of the blurred retinal image of the

defocused eye,21 through-focus binocular visual acuity (VA) is
approximately determined by the monocular acuity of the
optically superior eye.22,23 Monovision can be implemented
with contact lenses,22,24,25 corneal refractive surgery,26–29 or
monofocal IOLs following crystalline lens removal in cataract
surgery.20,30–32
Despite decades of clinical application, the ideal degree of
anisometropia in monovision is still a topic of active
research.19,20,33,34 The optimal power difference between
the two eyes has been reported to vary between 1.0 and 2.0
diopters (D), depending on the need according to the
patient’s lifestyle or occupation.19,33,34 It has been shown
that anisometropia greater than 1.0 D is effective for
improving distance-corrected near VA.33,34 However, anisometropia greater than 2.0 D can significantly reduce intermediate
VA and contrast sensitivity (CS).19,35 Furthermore, monocular
blur is known to significantly degrade stereoacuity, or depth
perception.19,22,25,33,36–38
Binocular summation is known to decrease as the interocular difference in retinal image quality increases.35,39–41
Binocular summation refers to the ratio of binocular to
monocular CS. In a seminal study, Campbell and Green
observed a binocular summation factor of =2 at each spatial
frequency (using 2.8-mm pupils and no anisometropia).42
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Pardhan and Gilchrist found that binocular summation at
distance decreased as anisometropia in monovision increased.35 Interestingly, they found that when anisometropia
was between 2.0 and 2.5 D, CS at 6 cyc/deg is poorer with
binocular viewing than monocular viewing with the distance
eye—that is, the binocular summation factor was below unity.
Moreover, Jiménez et al. found that interocular inequality of
higher-order aberrations also has a significant impact on
binocular summation.39,40
Therefore, while traditional monovision can improve VA for
object distances from far to near (i.e., through-focus), binocular
visual functions (e.g., summation and stereoacuity) tend to
suffer. To overcome the limitations to traditional monovision,
recently, Reinstein et al. have proposed the use of nonlinear
aspheric ablation profiles in refractive surgery aimed at leaving
the monovision patient with residual SA, intended to increase
each eye’s DoF.28,29,43 Due to the nature of SA induction in
LASIK,44 this surgical technique leaves hyperopic patients with
residual negative SA,43 and myopic patients with residual
positive SA.45 Although both positive and negative SAs increase
DoF, they have different effects on through-focus retinal image
quality.46
It was the purpose of this study to examine the impact of
positive and negative SA with different magnitudes in modified
monovision on through-focus visual performance. It is proposed that by extending the DoF of the nondominant eye,
through-focus retinal image quality improves as well as the
congruence of the image of the two eyes, leading to an
improvement in binocular summation.35

METHODS
Subjects
This research was approved by the University of Rochester
Research Review board and informed consent was obtained
from all subjects before their participation. All procedures
involving human subjects were in accordance with the tenets of
the Declaration of Helsinki. Three normal emmetropic subjects
were recruited for this study (age: 34 6 11 years). All subjects’
pupils were dilated and accommodation was paralyzed with
cyclopentolate hydrochloride (1%). Although the subjects were
younger than the typical presbyope, their accommodative
ability was fully impaired due to the cycloplegia.

Binocular AO Vision Simulator
The binocular AO vision simulator consisted of two identical
monocular AO vision simulators operating simultaneously (one
for each eye). Intersubject variability of interpupillary distance
(IPD) was corrected using translational stages which can
accommodate IPDs ranging from 50 to 80 mm, in accordance
with the population statistics.47 The binocular AO vision
simulator is described in detail elsewhere.48 Each monocular
AO system was comprised of a custom-made Shack-Hartmann
wavefront sensor; a large stroke deformable mirror (Mirao-52;
Imagine Eyes, Orsay, France); a Badal optometer; an artificial
pupil; and a visual stimulus display. The deformable mirror was
used in closed-loop (12 Hz) to manipulate the subjects’
wavefront aberrations in real-time. The wavefront sensor laser
beacons were produced by a super-luminescent diode with
center wavelength of 840 nm and a bandwidth of 40 nm. Badal
optometers were used to control object distance for throughfocus vision testing. Vision testing occurred in white light with
the subject viewing through a 4-mm artificial pupil. To aid in
maintaining fusion, artificial apertures conjugate to the
subject’s retinal planes were used as peripheral fusion locks.
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The fusion locks subtended 28 of visual field and were centered
about the visual performance stimuli (18). During binocular
testing, subjects reported single vision. A dental-impression
bite bar mounted to a translational stage was used to stabilize
head movements. Subjects’ pupil alignment was maintained
continuously with a camera focused at the pupil planes.

Testing Conditions
For eye-assignment in monovision, ocular dominance is
typically assessed using sighting tests, after which the
dominant eye is corrected for distance vision and nondominant
eye for near vision.20 This study used the ‘‘hole-in-card’’
sighting test49 to determine ocular dominance in all subjects.
In this test, the subject held with both hands a rectangular
white card (8.5 3 11 inches) at arm’s length. The card had a
central aperture (0.5-inch diameter) through which the subject
was directed to view (with both eyes open) a distant target of a
cross. The subject then had each eye occluded. The eye which
retained a clear view of the target was determined to be the
dominant eye.
Subjects’ lower and higher order native aberrations of both
eyes were fully corrected in all monovision conditions in this
study with adaptive optics. Due to the significant longitudinal
chromatic aberration between the visible spectrum and the
wavefront sensing light source (840 nm), subjects found their
far point (0 D) by adjusting defocus with the Badal optometer
to optimize the image quality of a 20/40 Snellen letter ‘‘E’’
viewed through a 4-mm pupil with astigmatism and higher
order aberrations corrected with AO. This process was
repeated for both eyes separately.
All monovision conditions included 1.5 D of anisometropia
in the nondominant eye (induced with the Badal optometer),
as previous literature has suggested this level of anisometropia
to be favorable.33 Four modified monovision conditions were
tested, and consisted of spherical aberration induction in the
nondominant eye of 60.2 and 60.4 lm (for a 4-mm pupil).
Traditional monovision was also measured for comparison, in
which both eyes had zero spherical aberration.

Theoretical Modeling of Through-Focus Retinal
Image Quality
Theoretically calculated monocular through-focus retinal image
quality for the dominant and nondominant eyes in traditional
and modified monovision conditions is illustrated in Figure 1.
Through-focus image quality was simulated by using a customdeveloped computing program (MATLAB; MathWorks, Natick,
MA) to calculate an image convolution based retinal image
quality metric adapted from that described by Watson and
Ahumada.50 The metric proposed here differed in that it was
calculated for polychromatic light, incorporated the StilesCrawford effect, and did not take into account neural factors of
the visual system. To compute the metric, at each throughfocus position, the ocular polychromatic point spread function
(405–695 nm wavelength, weighted by the photopic spectral
sensitivity function Vk) is calculated from the wavefront
aberration. Using values published by Applegate and Lakshminarayan,51 the Stiles-Crawford effect is incorporated in the
point spread function by apodizing the pupil’s amplitude. The
point spread function is then convolved with a reference image
to yield a simulated image. Finally, the correlation coefficient of
the convolved (aberrated) and reference (unaberrated) images
is calculated to give to the final image quality metric value. In
this study, a tumbling letter ‘‘E’’ chart was used as the reference
image. The tumbling ‘‘E’’ letter chart included letter sizes
ranging from 0.3 to þ0.3 log units of minimum angle of
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FIGURE 1. (a) Theoretical simulation of through-focus image quality
for the dominant eye (DE) and nondominant eye (NDE) with SA ¼ 0,
0.2, and þ0.2 lm. (b) Theoretical simulation of through-focus image
quality for the DE and NDE with SA ¼ 0, 0.4, and þ0.4 lm. The DE was
aberration-free. In the case of SA in the NDE, defocus was added to
bring peak image quality to 1.5 D of anisometropia.

resolution in arc minutes (logMAR) to ensure a broad spatial
frequency spectrum.
To obtain a single-value retinal image quality metric to
represent binocular visual performance, interocular blur
suppression was incorporated into the model. At each
through-focus position, the better of the two eyes’ image
quality metric value was taken to represent a single binocular
metric value.
Introduction of positive Zernike primary SA into a
diffraction limited eye causes a hyperopic shift of best
focus,16,17,52,53 requiring the addition of positive power to
optimize image quality at distance (0 D). Alternatively, negative
Zernike primary SA causes a myopic shift of best focus,
requiring the addition of negative power to optimize image
quality at distance (0 D). The defocus required to correct for
the shift in peak image quality caused by Zernike primary SA is
illustrated in Figure 2.

measurements, an eye patch occluded the eye not being
measured. VA and CS were measured over a range of target
vergences (i.e., through-focus), spanning from distance (0 D) to
near (positive diopters).
High-contrast VA was measured with a black tumbling letter
‘‘E’’ on a white background using a four-alternate forced-choice
method. A digital light projector (Sharp PG-M20X; Sharp
Corporation, Abeno-ku, Osaka, Japan), conjugate to the retinal
plane for each eye, was used to present the visual stimulus
with retinal illuminance of 70 cd/m2 for a 4-mm pupil. A
psychometric function based on 30 trials was obtained using
the QUEST54 algorithm where VA was defined as the letter size
for which 62.5% of responses were correct. Three acuity
measurements were averaged for each optical condition and
are represented in units of logMAR.
Binocular through-focus VA was measured for all modified
and traditional monovision conditions, listed above. Monocular
through-focus VA was measured with three magnitudes of
induced SA in the nondominant eye: 0, þ0.2, and þ0.4 lm. DoF
was defined as the dioptric range from distance (0 D) to near
(positive diopters) for which VA was better than 0.18 logMAR
(20/30 Snellen acuity).
CS was measured with Gabor stimuli at 10 cyc/deg using a
two-alternate forced choice method. A cathode-ray tube
monitor (NEC MultiSync FP950; NEC, Itasca, IL) was used to
display the visual stimulus with retinal illuminance of 5 cd/m2
for a 4-mm pupil. A psychometric function based on 40 trials
was obtained using the QUEST54 algorithm. The threshold was
defined as the contrast for which 75% of responses were
correct. Three threshold measurements were averaged for each
optical condition.
Binocular through-focus CS was measured for modified
monovision conditions with 60.2 lm of SA in the nondominant eye and traditional monovision. Monocular through-focus
CS was measured with three magnitudes of SA in the
nondominant eye: 0 and 60.2 lm. Monocular through-focus
CS was measured in the dominant eye with full aberration
correction. The binocular summation factor was defined as the
ratio of the binocular CS to the monocular CS of the better
eye.55

Statistical Analysis
We employed a mixed ANOVA to look at the association of
visual performance as a function of defocus and monovision
condition and interaction of these effects; the models included
random intercepts to account for potential within-subject
dependencies. Our interest resided in the difference between

Through-Focus Visual Performance Testing
Visual performance was assessed both binocularly and
monocularly with high-contrast VA and CS. During monocular
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FIGURE 2. The defocus required to correct for the shift in peak image
quality caused by Zernike primary SA for a 4-mm pupil.
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TABLE 1. ANOVA Results for Through-Focus VA
Statistical Analysis for Visual Acuity
Effect

Numerator DF

Denominator DF

F Value

Pr > F

Defocus
Monovision condition
Defocus 3 condition

7
4
28

76
76
76

393.13
25.30
8.10

<0.0001
<0.0001
<0.0001

modified and traditional monovision conditions at each object
distance, and these comparisons were carried out as Wald tests
subsequent to the overall analysis. Using a Bonferroni
correction to adjust for multiple comparisons, statistical
significance was indicated with P values less than or equal to
0.0016 and 0.0031 for VA and CS, respectively. All analyses
were carried out with commercial software (SAS 9.3; SAS
Institute Inc., Cary, NC) on a Windows 7 platform (Microsoft,
Redmond, WA).

RESULTS
Through-Focus Visual Acuity
The main effects of defocus, and monovision condition and the
interaction of defocus and monovision condition on throughfocus VA were significant, as shown in Table 1. Figure 3
summarizes the binocular through-focus VA measurements for
traditional and modified monovision conditions. VA is plotted
in logMAR as a function of defocus in diopters, where
increasing values indicate nearer objects. The error bars
represent the standard deviation of three subjects.
Distance VA (0 and 0.5 D) with traditional monovision was
0.29 6 0.06 and 0.12 6 0.04 logMAR, respectively, and was
not significantly different for the modified monovision
conditions (P > 0.11). At the intermediate object distance of
1 D, traditional monovision resulted in VA 0.05 6 0.04
logMAR, whereas modified monovision with positive SA of 0.2
and 0.4 lm significantly improved VA (0.23 6 0.02 and 0.17
6 0.01 logMAR, P < 0.0001, respectively). Negative SA in the
nondominant eye also improved VA at 1.0 D as compared with
traditional monovision; however, this improvement was not
statistically significant.
At the anisometropic point of 1.5 D, VA with traditional
monovision was 0.23 6 0.03 logMAR. Inducing 60.2 lm of
SA in the nondominant eye did not have a significant impact on
VA at 1.5 D; however, with 0.4 lm of SA, a reduction of 0.08
logMAR was observed at 1.5 D (P ¼ 0.0023).
Near VA (beyond 2.0 D) was significantly improved with all
modified monovision conditions as compared with traditional
monovision. However, modified monovision with SA ¼ 0.2
lm had the greatest benefit in VA at object distances of 2.0 to
3.5 D, whereas the SA ¼ þ0.4 lm condition had the greatest
improvement beyond 3.5 D. Binocular DoF in modified
monovision (nondominant eye SA ¼ 0.4, 0.2, þ0.2, þ0.4
lm) was 3.2 6 0.3, 3.5 6 0.0, 3.2 6 0.8, and 4.2 6 0.3 D,
respectively, as compared with 2.7 6 0.3 D found in traditional
monovision.
Binocular VA was not significantly different from the
monocular VA of the better eye at each through-focus position
for traditional monovision (Fig. 4a) and modified monovision.
The correlation of binocular VA to the better monocular VA at
each target vergence for traditional and modified monovision (r
¼ 0.97) is shown in Figure 4b.
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Through-Focus Contrast Sensitivity
The main effects of defocus, monovision condition, and the
interaction of defocus and monovision condition on throughfocus CS were significant, as shown in Table 2. Through-focus
binocular CS for traditional and modified monovision with
60.2 lm of SA induced in the nondominant eye is shown in
Figure 5. Distance and intermediate CS for 10 cyc/deg (0–1.0
D) was not significantly affected in modified monovision.
However, at 1.5 D, induction of SA in the nondominant eye in
modified monovision significantly degraded CS with respect to
traditional monovision (P < 0.0003). Binocular CS at 1.5 D
degraded by factors of 2.1 and 2.5, for 0.2 and þ0.2 lm of SA,
respectively. Modified monovision did not significantly impact
CS with respect to traditional monovision at near object

FIGURE 3. Through-focus VA for traditional (TMV) and modified
monovision (MMV) with (a) 60.2 lm and (b) 60.4 lm of SA.
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and þ0.2 lm of SA, the average binocular summation factor at
0.5 D was 1.47 6 0.49 and 1.58 6 0.38, respectively; however,
this improvement was not statistically significant. Beyond 0.5
D, the average binocular summation factor for traditional and
modified monovision conditions were approximately unity.

Image Convolution Based Retinal Image Quality
Metric
Figure 7 shows the correlation of the binocular visual
performance metric with measured binocular through-focus
VA of traditional and modified monovision paradigms. A high
correlation (r ¼ 0.92) was found between the image
convolution-based image quality metric and binocular
through-focus VA. For comparison, the same dataset was
applied to other image quality metrics,56 such as the log of the
visual Strehl ratio (VSOTF), the log of the area under the
modulation transfer function (aMTF), and the log of the Strehl
ratio. The correlations of binocular through-focus VA with all
monovision paradigms and log(VSOTF), log(aMTF), and
log(Strehl) were r ¼ 0.86, 0.85, and 0.79, respectively.

DISCUSSION

FIGURE 4. (a) Binocular and monocular (DE, NDE) through-focus VA
for both eyes in traditional monovision. (b) Binocular VA plotted as a
function of the monocular VA of the better eye for each object distance
for traditional monovision and modified monovision with positive SA.
The thick solid line represents the linear fit. The dashed lines
represent the 95% confidence intervals. The thin solid line represents
the equal-acuity line.

distances (2.0–3.5 D, P > 0.02). However, modified monovision with þ0.2 lm of SA had worse binocular CS than with
0.2 lm of SA at 2.0 and 2.5 D object distances.
Through-focus binocular summation is shown in Figure 6.
At distance (0 D), the binocular summation factor was close to
unity for all three monovision conditions. In traditional
monovision, binocular summation increased at the 0.5 D
position to 1.28 6 0.25. For modified monovision with 0.2

The presbyopic-correction strategy of monovision is clinically
established and has been routinely practiced for decades.
However, relatively few studies have investigated the relative
contribution of each eye’s optical quality to through-focus
binocular visual performance in monovision. In this study, we
used a binocular AO vision simulator to investigate the impact
of modifying monovision by extending the DoF of the
nondominant eye with SA. We found that modified monovision
led to a substantial benefit in through-focus VA and binocular
DoF as compared with traditional monovision. However, this
improvement came at the cost of a reduction in CS at the
anisometropic point of 1.5 D. Despite the degradation in CS for
intermediate object distances, through-focus interocular image
quality became more similar in modified monovision, leading
to an improvement in binocular summation, particularly at 0.5
D. In addition, we found that binocular through-focus highcontrast VA in modified and traditional monovision was
determined by the monocular performance of the better eye
at each dioptric position. This result can provide a useful
guideline for theoretical models of binocular through-focus
visual performance.
The VA benefit of modified monovision was dependent on
the sign and magnitude of SA induced in the nondominant eye.
The sign of SA determined the defocus points of VA benefit
within the vicinity of the anisometropic point. Positive SA
(þ0.2 lm) resulted in a significant benefit in VA at intermediate
object distance (1.0 D), whereas negative SA (0.2 lm)
resulted in a significant benefit at near (2.0 D). The largest
DoF was observed with modified monovision with þ0.4 lm of
SA. The benefit to DoF with þ0.4 lm SA may be in part
explained by the influence of phase transfer function on the
retinal image.57,58 As explained by Ravikumar et al.,58 when

TABLE 2. ANOVA Results for Through-Focus Contrast Sensitivity
Statistical Analysis for Contrast Sensitivity
Effect

Numerator DF

Denominator DF

F Value

Pr > F

Defocus
Monovision condition
Defocus 3 condition

7
2
14

48
48
48

88.68
6.08
3.89

<0.0001
0.0044
0.0002
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FIGURE 5. Through-focus binocular CS at 10 cyc/deg for traditional
and modified monovision with 60.2 lm SA.

defocus and SA are of the same sign (i.e., myopic defocus and
positive SA), the phase-reversed regions of the modulation
transfer function have relatively little energy and therefore a
small contribution to the retinal image. Therefore, the
influence of the sign of SA on through-focus image quality is
determined by both the amplitude and phase of spatial
frequencies in the retinal image.
The laser blended vision approach described by Reinstein et
al. also takes advantage of refractive surgery–induced SA to
extend monocular DoF in monovision. They found that
subjects with positive postoperative SA were more likely to
have near VA of 0.18 logMAR or better, as compared with those
with negative postoperative SA.43 Similarly, our study found the
large magnitude of positive SA (þ0.4 lm) resulted in greater
benefit for near VA than negative SA. Moreover, their
studies28,29,43 support our finding that extending monocular
DoF with SA in monovision provides significant benefits over
traditional monovision.
In addition to near VA, extending monocular DoF in
modified monovision offers the further benefit of reducing
the difference in interocular retinal image quality. Ocular DoF
may be extended by means of a small-aperture corneal inlay,6–8
multifocal optical designs,13,14 and certain combinations of

FIGURE 6. Through-focus binocular summation factor at 10 cyc/deg
for traditional and modified monovision with 60.2 lm SA.
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FIGURE 7. Binocular VA versus binocular image quality, as calculated
with the image convolution based image quality metric. Cross: TMV.
Diamond: MMV (SA ¼ 0.4 lm). Square: MMV (SA ¼ 0.2 lm).
Triangle: MMV (SA ¼ þ0.2 lm). Circle: MMV (SA ¼ þ0.4 lm).

Zernike primary and secondary SAs.16,17,52 These techniques
(diffraction, multifocality, higher-order aberrations) are viable
options for reducing the difference in through-focus interocular retinal image quality in modified monovision.
Interocular difference in retinal image quality has been
shown to compromise aspects of visual function which rely on
the neural combination of two monocular channels into a
single binocular percept, such as binocular summation34,35,39,40 and stereopsis.22,25,33,36–39 Pardhan and Gilchrist35 described a reduction in binocular summation as
anisometropia increased. Their study found that in the absence
of anisometropia, the binocular summation at 6 cyc/deg was
approximately 40%, similar to Campbell and Green’s finding of
41%.42 However, binocular summation degraded with anisometropia, reaching unity (no summation) at 1.5 D anisometropia, beyond which summation was <1, indicating binocular
inhibition. Similarly, Loshin et al. found that binocular
summation to be absent in monovision with add powers of
1.5 D and higher for mid to high spatial frequencies.59 The
results presented in this study also show distance binocular
summation (at 10 cyc/deg) to be absent (near unity) with 1.5 D
of anisometropia (for both traditional and modified monovision). It is important to note that the benefits in binocular
summation with modified monovision may vary at additional
spatial frequencies. By examining the monocular retinal image
quality curves in Figure 1b, it is clear that the interocular
difference in retinal image quality reached a minimum in the
neighborhood of 0.5 D. Therefore, it was not surprising to
observe a peak in binocular summation at 0.5 D for traditional
and modified monovision. At 0.5 D, the binocular summation
improved by 19 6 6% for the two modified monovisions as
compared with traditional monovision. However, at intermediate and near object distances, no summation was observed.
In an investigation of the effect of anisometropia on
distance VA, Collins et al. found that binocular acuity at
distance was approximately equal to the monocular acuity of
the distance-corrected eye.23 This can be attributed to what
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Schor et al. described as interocular suppression of anisometropic blur.21 The current study extends this finding from
distance performance to include intermediate and near object
positions. As shown in Figure 4b, a strong correlation (r ¼
0.97) between binocular and monocular (of the superior eye)
through-focus VA was observed for both traditional and
modified monovision. This finding was applied to the
theoretical model that produced the monocular through-focus
image quality curves of Figure 1. The model produced a singlevalue retinal image quality metric for predicting through-focus
binocular VA (r ¼ 0.92) in modified and traditional
monovision. It should be noted that such a model may not
be directly applicable to the early presbyope who may still
have some degree of active accommodation. Also, the
application of a single-value metric to the prediction of CS
may be confounded by factors such as differences in spatial
frequency content of the metric and the stimulus58,60,61 and
the neural contrast sensitivity function.62–65 While some
variability in the metric predictability among monovision
conditions was found, the image convolution metric provides
a robust estimate of binocular visual acuity in the presence of
large amount of blur and in the case when the two eyes have
significantly different image quality. A reliable metric that
enables the prediction of binocular through-focus visual
performance is important for the design and optimization
modified monovision variables.
At the anisometropic point (1.5 D), the induction of 60.2
lm of SA did not have a significant impact on VA. In the
aberration-free case of traditional monovision, binocular VA at
1.5 D was 0.23 logMAR as compared with 0.20 6 0.04
logMAR, the average of all modified monovision paradigms.
However, CS at 1.5 D was significantly reduced in modified
monovision. Modified monovision with 60.2 lm of SA resulted
in a CS reduction at 1.5 D by a factor of 2.3 6 0.3, as compared
with traditional monovision. This can be explained by
examining the modulation transfer function, which shows an
approximately factor of 3 decrease in contrast of a 10 cyc/deg
sinusoidal grating due to þ0.2 lm of SA. At best focus, positive
and negative SAs have the same effect on the modulation
transfer function. This result was in agreement with a study by
Piers et al., in which they confirmed that CS is maximized
when ocular SA is fully corrected.66
A limitation of this study was that the experimental
protocol used cyclopentolate to dilate the pupils and arrest
accommodation. In natural viewing conditions, accommodative effort for viewing near objects is accompanied by pupil
miosis, thereby extending ocular DoF due to diffraction.
However, pupil miosis also reduces the magnitude of SA (i.e.,
wavefront multifocality) and can lead to changes in refraction.67 It is important for the topic of pupil and wavefront
interaction and the consequences on through-focus image
quality to be addressed; however, this was not the goal of the
current investigation. Furthermore, it will be important to
study the effectiveness of modified monovision in relation to
practical factors such as native higher order aberrations,
interocular scatter, and other age-related deficits in vision.
For future work, it will be interesting to investigate the
role of neural adaptation to traditional monovision and
modified monovision. Collins et al. found that during the first
8 weeks of monovision contact lens wear, patients subjectively observed an improvement in some aspects of visual
performance, such as walking confidence and hand-eye
coordination.68 Interestingly, this trend was not observed in
objective measures (VA, stereoacuity, and blur suppression).
In addition, depth perception, a key component to binocular
vision, was not examined in this study. It will be interesting to
investigate the impact of modified monovision on stereoacuity. It is well-known that anisometropia leads to a reduction in
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stereoacuity.19,22,25,33,36–38 However, by extending the DoF of
one or both eyes in modified monovision, the interocular
difference in retinal image quality is reduced and may lead to
an improvement in stereoacuity.24

CONCLUSIONS
It was found that modified monovision in which SA is induced
in the nondominant eye improved through-focus VA and DoF.
Binocular summation also increased as the interocular optical
quality became more similar. Therefore, significant visual
benefit from extending the DoF by inducing SA to one or
both eyes can be a promising binocular approach to
overcoming presbyopia.
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