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Purpose: To compare the effect of induced astigmatic defocus on visual performance in

pseudophakic eyes implanted with a small aperture, trifocal, or monofocal intraocular lens (IOL).

Patients and methods: The study included 44 eyes with one of four types of IOL (IC-8

IOL (AcuFocus Inc., USA); FineVision (PhysIOL SA, Belgium); AT Lisa (Carl Zeiss AG,

Germany); and enVista monofocal (Bausch & Lomb, USA). For astigmatic tolerance assess-

ment, monocular distance visual acuity was measured with cylindrical lenses (power

range=0.00–2.50 diopters (D) in 0.50 D increments) added to the subjects best-corrected

distance manifest refraction. The assessment was repeated on three pre-determined axes (90°,

180°, and either 45° or 135°). The magnitude of astigmatic tolerance at each defocus step

was assessed by taking the difference between logMAR visual acuity at the defocus step

relative to that at 0.0 D (ie, no defocus condition).

Results: Across all three axes, the reduction of mean monocular visual acuity at all defocus

levels relative to no defocus was significantly smaller in IC-8 group compared to the other IOL

groups. When the data was combined across all axes, the astigmatic tolerance of the IC-8 group

was better than AT Lisa group from 0.50 D to 2.50 D and FineVision group from 0.50 D to

1.50 D (all P<0.05, ANOVA). The IC-8 group was better than the enVista group, but not

significantly (P>0.05, ANOVA). Among individual orientations, statistically significant differ-

ences were seen between IC-8 IOLs and the other IOLs, with the largest difference being in the

oblique axis. Astigmatic tolerance at all axes combined was 1.40 D for IC-8 IOL, 0.70 D for

AT Lisa and FineVision, and 1.00 D for enVista IOLs.

Conclusion: The small aperture IC-8 IOL showed greater tolerance to induced astigmatic

defocus compared to trifocal and monofocal IOLs.
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Introduction
Spectacle independence is a key expectation in patients undergoing premium intraocular

lens (IOL) implantation.1 Refractive misses with presbyopia-correcting IOLs can cause

residual ametropia, resulting in reduced vision and patient satisfaction.2 Forty percent of

the cataract population presents with corneal toricity of 0.75 D or more and, for eyes with

greater than 0.50D of corneal astigmatism, a toric IOLmay be needed.3,4When spectacle

independence is desired after cataract surgery, the options for management of preopera-

tive corneal or postoperative residual astigmatism include limbal relaxing incisions, toric

IOLs for higher degrees of astigmatism, laser in situ keratomileusis (LASIK), photore-

fractive keratectomy (PRK), arcuate keratotomy, and piggy-back IOLs.5–9
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Knowledge of the astigmatic tolerance of IOLs is,

therefore, an essential component of surgical planning, as

visual performance and patient satisfaction are affected

when the magnitude of astigmatism is beyond the lenses

limit of tolerance, requiring secondary management. The

astigmatic tolerance limit of multifocal IOLs, in general, is

estimated to be 0.75 D.10 A recent study compared the

astigmatic tolerance of an extended depth of focus (EDOF)

IOL with different multifocal IOLs. The EDOF IOL

demonstrated a slightly better astigmatic tolerance of

1.00 D compared to that of bifocal IOLs at 0.75 D and

trifocal IOL at 0.50 D.11

The IC-8 IOL is a small aperture IOL that provides an

extended depth of focus which improves vision from far

through near.12 Monocular implantation of the IC-8 IOL

with a monofocal IOL in the fellow eye achieved uncor-

rected binocular visual acuities better than 20/20, 20/25, and

20/30 at distance, intermediate, and near, respectively.13

The extended depth of focus and the tolerance to residual

refractive error is accomplished by the small aperture

design, which effectively decreases the size of the blur

circle, similar to that in the KAMRA inlay (CorneaGen,

Seattle, WA, USA) that is approved by the US Food and

Drug Administration for correction of presbyopia.14 The

tolerance to residual astigmatism was evidenced in publica-

tions on clinical performance of the IC-8 IOL, which

showed no significant difference in uncorrected visual acui-

ties at far, intermediate, and near, between the eyes with

≤0.75 D of cylinder and the eyes with 0.76–1.50 D cylinder,

with the mean difference in visual acuity being less than

half a line.13 Additionally, in a recent publication we have

shown that the eyes implanted with the IC-8 IOL were able

to maintain 20/25 or better distance acuity with up to 1.50

D of induced astigmatic defocus.15 The objective of this

prospective, comparative study was to investigate how

increasing levels of induced astigmatic defocus influences

visual performance in pseudophakic eyes implanted with

small aperture vs trifocal and standard monofocal IOLs.

Methods
This was a prospective, single-center, comparative study

of pseudophakic subjects from the Asian Eye Institute

(Manila, Philippines). The study was performed in accor-

dance with the Declaration of Helsinki and was approved

by the Ethics Committee. All eligible subjects provided

written informed consent for participation in the study.

Patients over the age of 40 years who were implanted

with IC-8 IOL (AcuFocus Inc., Irvine, CA, USA),

FineVision IOL (PhysIOL SA, Liège, Belgium), AT Lisa

IOL (Carl Zeiss AG, Jena, Germany), or enVista IOL

(Bausch & Lomb, Rochester, NY, USA) in at least one eye

with best-corrected distance visual acuity (BCDVA) of 20/20

or better in that eye were included in the study. In addition, all

subjects had manifest refraction sphere between −1.00 and

+1.00 D, cylinder not exceeding 1.00 D, and clear ocular

media in the study eye. Patients with any pathology that was

predicted to cause a loss in BCDVA or diagnosis of dry-eye

or dependency on ocular lubricating drops to maintain eye

comfort or adequate vision were excluded.

Tolerance to induced astigmatism
One eye of each subject was used for the measurement of

astigmatic tolerance; the right eye was used when both eyes

qualified for the study. Baseline distance manifest refraction

and BCDVAwere recorded for the study eye, as the 0 D or

no defocus condition. Astigmatic defocus was induced over

the manifest distance refraction with plus cylinder from

+0.50 D to +2.50 D in 0.50 D steps at three orientations

(90°, 180°, and oblique at either 45° or 135°). For the

oblique axis, defocus was induced at 135° when manifest

refraction cylinder was between 0 and 90° and at 45° when

manifest refraction cylinder was between 91° and 179°.

A Landolt C Snellen chart was used to measure the visual

acuity at each defocus step. All visual acuities were con-

verted to logMAR acuity for data analysis. The magnitude of

astigmatic tolerance at each defocus step was assessed by

calculating the difference between logMAR visual acuity at

the defocus step to that at 0 D or no defocus baseline.

Statistical analysis
Statistical analysis was performed using JMP® software

(Version 13.0, SAS Institute Inc., North Carolina, USA).

Snellen visual acuity was converted to logMAR, and then

the magnitude of astigmatic tolerance was calculated at each

defocus step for statistical analysis (mean and 95% confidence

intervals) and comparisons between groups at defocus steps

from 0.00 to 2.50 D for each astigmatic orientation using

pairwise non-parametric Wilcoxon test and for all axes com-

bined using ANOVA. Categorical variables between the IOL

groups were compared using Fisher’s Exact Test. The non-

parametric tests were chosen for being appropriate and effi-

cient tests in comparing small sample sizes without a normal

distribution assumption. The ANOVA test was chosen for the

comparison between groups when all axes were combined for

the sample sizes in this test and were close to or above 30 for

each group. These tests are confirmed for their appropriateness
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from the data before being conducted. Differences were con-

sidered significant at P<0.05. Monocular astigmatic defocus

curves were plotted as change in logMAR visual acuity vs

defocus in diopters for each IOL group.

Results
Demographics and baseline

characteristics
The study included 44 eyes of 44 subjects in the age range

of 53–79 years, implanted with one of the four types of IOL

in at least one eye. The IC-8 IOL group had 12 subjects; the

FineVision IOL group had nine subjects; the AT Lisa IOL

group had 10 subjects; and the enVista IOL group had 13

subjects. Table 1 shows summary statistics for subject

demographics, photopic pupil size, baseline uncorrected

distance visual acuity (UCDVA), best-corrected distance

visual acuity (BCDVA), sphere, cylinder, manifest refrac-

tive spherical equivalent (MRSE), and postoperative time

for each IOL group. There were no significant differences

between the IOL groups on age, race, gender, UCDVA,

BCDVA, cylinder, and photopic pupil size (all P>0.05,

Fisher’s exact test or Wilcoxon test). Statistically significant

differences were noted between groups on MRSE, sphere,

and postoperative time (all P<0.05, Wilcoxon test).

Astigmatic tolerance
Figures 1A–D shows change in visual acuity from baseline

(0 D or no defocus) at induced astigmatic defocus steps

Table 1 Subject demographics and baseline characteristics by IOL group

IC-8
(N=12)

FineVision
(N=9)

AT Lisa
(N=10)

enVista
(N=13)

P-value

Age (years)

Mean±SD

Range (Min–Max)

62.4±7.1

(53–74)

67.8±3.5

(62–72)

69.1±8.7

(55–79)

66.7±4.0

(60–72)

0.11

Gender

Female, n (%)

Male, n (%)

5 (41.7)

7 (58.3)

6 (66.7)

7 (58.3)

7 (70.0)

3 (30.0)

6 (46.2)

7 (53.8)

0.48

Photopic Pupil Size (mm)

Mean±SD

Range (Min–Max)

4.25±0.60

(3.2–5.1)

4.18±0.85

(2.7–5.3)

4.05±0.79

(2.7–5.1)

4.07±0.92

(2.4–5.7)

0.96

MRSE (D)

Mean±SD

95% CI

−0.61±0.61

(−1.00, −0.23)

0.03±0.26

(−0.17, 0.22)

0.00±0.28

(−0.20, 0.20)

0.21±0.28

(0.04, 0.38)

0.00

Sphere (D)

Mean±SD

95% CI

−0.40±0.63

(−0.79, 0.00)

0.19±0.30

(−0.04, 0.43)

0.23±0.34

(−0.02, 0.47)

0.40±0.30

(0.22, 0.58)

0.00

Cylinder (D)

Mean±SD

95% CI

−0.44±0.37

(−0.67, −0.20)

−0.33±0.38

(−0.62, −0.05)

−0.45±0.28

(−0.65, −0.25)

−0.38±0.28

(−0.56, −0.21)

0.85

UCDVA (logMAR)

Mean±SD

95% CI

0.06±0.10

(0.00, 0.13)

0.04±0.07

(−0.01, 0.09)

0.03±0.06

(−0.02, −0.07)

0.02±0.04

(−0.01, 0.04)

0.58

BCDVA (logMAR)

Mean±SD

95% CI

−0.03±0.05

(−0.06, 0.00)

−0.01±0.04

(−0.04, 0.02)

0.00±0.00

(0.00, 0.00)

0.00±0.00

(0.00, 0.00)

0.12

Postoperative Time (months)

Mean±SD

Range (Min–Max)

23.6±6.8

(16–38)

18.3±9.1

(3–31)

12.8±13.7

(3–48)

17.0±9.0

(5–33)

0.03

Abbreviations: BCDVA, best-corrected distance visual acuity; CI, confidence interval; D, diopter; IOL, intraocular lens; MRSE, manifest refraction spherical equivalent; SD,

standard deviation; UCDVA, uncorrected distance visual acuity.
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from 0.50 to 2.50 D for all four IOL groups, with all axes

combined (Figure 1A) and at oblique (Figure 1B), 90°

(Figure 1C), and 180° (Figure 1D) axes. With all axes

combined, the IC-8 group showed a smaller decline in

visual acuity with induced astigmatic defocus when com-

pared to other IOL groups; the astigmatic tolerance in the

IC-8 group was significantly better than the AT Lisa group

for 0.50 D to 2.50 D of defocus and the FineVision group

for 0.50 D–1.50 D of defocus (all P<0.05, ANOVA), and

was not significantly better than the enVista group

(P>0.05, ANOVA).

As shown in Figures 1A–D, the magnitude of change in

visual acuity from baseline with induced astigmatic defocus

was significantly less for IC-8 IOL eyes than FineVision IOL

eyes; significant P-values are presented as follows: at 0.50 D,

P=0.0005 and 0.0047 for all axes combined and oblique,

respectively; at 1.00 D, P=0.0002, 0.0156, and 0.0188 for all

axes combined, oblique, and 90°, respectively; at 1.50 D,

P=0.0010 and 0.0189 for all axes combined and oblique,

respectively; at 2.00 D, P=0.0236 for all axes combined; and

at 2.5 D, P=0.0235 for all axes combined. Similarly, when

compared to AT Lisa IOL eyes, the change in visual acuity

from baseline in IC-8 IOL eyes was significantly less with

induced astigmatic defocus of 0.50 D, P=0.0006 and 0.0012

for all axes combined and oblique, respectively, 1.00 D,

P=0.0002 and 0.0010 for all axes combined and oblique,

respectively, 1.50 D, P=0.0018 and 0.0014 for all axes com-

bined and oblique, respectively, 2.00 D, P=0.0054 and 0.0110

for all axes combined and oblique, respectively, and 2.50 D,

P=0.0004 and 0.0134 for all axes combined and oblique,

respectively. The comparison of astigmatic tolerance between

IC-8 IOL eyes and enVista monofocal IOL eyes was only

significant at 1.50 D defocus in the oblique axis (P=0.0334).

On average, with 1.50 D of induced astigmatic defocus

when all axes are combined, visual acuity decreased from

baseline by 1.2 lines in the IC-8 group, 2.2 lines in the

FineVision group, 2 lines in the AT Lisa group, and 1.7

lines in the enVista group. For 90° and oblique axes, at

2.50 D of defocus the IC-8 group was 1–1.5 lines better

than the other three IOL groups. At 180° axis, the IC-8

0.0
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Figure 1 Mean±95% confidence interval logMAR visual acuity at different induced astigmatism level by lens type (A) with all axes combined; (B) at oblique axes (either 45°

or 135°); (C) at 90° axis; and (D) at 180° axis.
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group was about the same as the enVista group and was

0.5–1 line better than the trifocal IOL groups.

The mean astigmatic defocus range to maintain acuity

with no more than one line of reduction from the 0 D or no

defocus condition is presented in Table 2 for each IOL

group. With all axes combined, the aforementioned astig-

matic defocus range is 1.40 D for IC-8, 0.70 D for AT Lisa

and FineVision, and 1.00 D for the enVista group. The

largest difference in that astigmatic defocus range between

IC-8 and trifocal eyes were noted for the oblique axis, with

1.4 D for the IC-8 group, and 0.50 D for the FineVision

group and 0.40 D for the AT Lisa group. The smallest

difference in that astigmatic defocus range between IC-8

and trifocal eyes were noted at 180°, with 1.2 D for the IC-8

group and 0.80 D for the FineVision and AT Lisa groups.

Discussion
In this study, the small aperture IOL showed larger toler-

ance to induced astigmatism when compared to the trifocal

IOLs. On average, visual acuity was maintained with no

more than one line of loss from baseline with induced

astigmatic defocus up to 1.40 D in the IC-8 group, up to

1.00 D in the EnVista monofocal group, and up to 0.70

D in the trifocal (FineVision and AT Lisa) groups when all

axes were combined. In a recently published pilot

evaluation,15 similar tolerance to astigmatic defocus was

shown for the IC-8 IOL eyes, in spite of methodological

differences between the two studies. In the published pilot

evaluation, astigmatic defocus was induced in the same

axis as the manifest sphere-cylinder refraction of the IC-8

IOL eye and a tumbling E was used to assess visual

acuities. Similarly, Dick et al13 compared visual acuity

results by magnitude of postoperative residual astigmatism

in a large European post-market study on the IC-8 IOL.

IC-8 IOL eyes with up to 1.50 D of uncorrected residual

astigmatism achieved mean uncorrected visual acuity of

20/22.13 Irrespective of the differences in testing and study

population, the eyes implanted with the IC-8 IOL have

shown a robust and consistent tolerance for up to 1.50 D of

astigmatic defocus (induced or residual).

Among other presbyopia-correcting IOLs, the EDOF IOL

(Tecnis Symfony ZRX00, Abbott Medical Optics, Santa Ana,

CA, USA) has shown greater astigmatic tolerance than what is

obtained with multifocal and trifocal IOLs. In a comparative

prospective study, the astigmatic tolerance was determined to

be 1.00 D with Symfony, 0.75 D with AcrySof ReSTOR IOL

(Alcon Laboratories Inc., Fort Worth, TX, USA), and 0.50

D with Panoptix IOL (Alcon Laboratories Inc., Fort Worth,

TX, USA).11 For 1.50 D of astigmatic defocus, the average

loss in the number of lines from baseline visual acuity were

three for multifocal, four lines for trifocal, and two lines for

Symfony IOLs. In comparison, for up to 1.50 D of astigmatic

defocus, IC-8 IOL eyes lost one line of visual acuity. Similarly,

additional studies have shown up to 0.75 D of astigmatism

tolerance with refractive (AMO Array, Allergan Medical

Optics, CA, USA) and diffractive (AcrySof ReSTOR IOL

SN6AD1 and SN6AD3, Alcon Laboratories Inc., Fort

Worth, TX, USA) multifocal IOLs.16,17 The astigmatic toler-

ance of IC-8 IOL is higher than that of other EDOF, multi-

focal, and trifocal IOLs because of its small aperture design,

which effectively decreases the size of the blur circle by

blocking aberrated peripheral light rays. Computational eye

modeling of astigmatic tolerance with a small aperture corneal

inlay showed doubling of astigmatic tolerance from 1.00

D with a 3.00 mm aperture to 1.90 D with a 1.60 mm aperture

in a series of 20 eyes.18

Among patients presenting for cataract surgery, nearly

80% have corneal astigmatism of 1.50 D or less, and 32%

between 0.75 and 1.50 D, which represents the range out-

side the tolerance of multifocal IOLs and within that of the

small aperture IOL.3,19 Even though toric EDOF and mul-

tifocal IOLs are an option for astigmatism management in

patients seeking presbyopia correction, in the event of

toric IOL misalignment, every degree of off-axis rotation

results in a loss of up to 3.3% of IOL cylindrical power.

This means, with a 10° off-axis rotation, one-third of the

cylindrical effect would be lost.20 Additionally, the pre-

sence of residual astigmatism in patients implanted with

presbyopia-correcting IOLs is a major factor for dissatis-

faction. Sixty-four percent of patients with eyes with 1.0

D–1.50 D of residual astigmatism after multifocal implan-

tation reported dissatisfaction due to complaints of blurry

vision.2 The functional advantage of simultaneous focal

points in multifocal IOLs is impeded by the interference of

Table 2 Mean astigmatic defocus that resulted in one line of loss in

visual acuity from the 0D or no defocus condition for all IOL groups

Axis orientation Astigmatic tolerance (D)

IC-8 FineVision AT

Lisa

enVista

All axes combined 1.4 0.7 0.7 1.0

Oblique 1.4 0.5 0.4 1.0

90° 1.5 0.7 1.1 1.1

180° 1.2 0.8 0.8 1.1

Abbreviations: D, diopter; IOL, intraocular lens.
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astigmatic focal lines between different foci.21 Gundersen

et al22 showed a retreatment rate of 10.8% in eyes

implanted with multifocal IOLs, and the eyes that required

retreatment had significantly higher residual refractive

astigmatism compared with those which did not require

retreatment (1.21±0.51 D vs 0.51±0.39 D). Compensation

of residual astigmatism and improved patient satisfaction,

for correction of astigmatism as low as 0.50–0.75 D, has

been shown to improve contrast and quality of vision.23,24

The broader tolerance to astigmatic defocus with the IC-8

IOL may provide a simpler approach to the management of

astigmatism up to 1.50 D, obviating the need to determine

precise axis placement, number of relaxing incisions, or

additional surgical procedures.13,15 The increased astigmatic

tolerance of IC-8 IOL also has the potential to be more robust

to refractive surprises in postoperative astigmatism and to

changes in corneal topography over time.25

The astigmatic tolerance data show that the change

from baseline acuity for all the tested IOLs was greatest

for astigmatism induced at the oblique axis and smallest at

the 180° axis (with-the-rule). However, these small differ-

ences among orientations were not statistically significant

at all defocus steps for the IC-8, FineVision and EnVista

groups (all P>0.05, Wilcoxon test). Significant differences

among orientations was observed at defocus steps 0.50

D (P=0.0352), 1.0 D (P=0.0419), and 1.50 D (P=0.0131)

in the AT Lisa group. Orientation of astigmatism has

a small effect on visual acuity, favoring with-the-rule

astigmatism.26,27 Atchison et al27 reported higher levels

of sensitivity to the detection of blur with against-the-rule

than with-the-rule crossed cylinder astigmatism. In this

study, visual acuity was measured using a Landolt

C Snellen chart to minimize orientation bias. However,

a larger sample size of subjects is required to confirm the

true nature of the relationship between astigmatic toler-

ance and axis orientation.

One limitation of this study is the small group sizes

(between nine and 13 subjects per group), which is why

continuous parameters were compared between groups

using the Wilcoxon Test for each orientation axis. The

Wilcoxon test is a non-parametric test that does not have

a normal distribution assumption. This attribute makes it

more appropriate for small sample size comparisons,

while still being an efficient test. On the other hand,

under the premise that the Wilcoxon test is to compare

if the distributions of two populations are different, only

when big differences between the values of the two

samples occur, then a small sample size might cause

loss of information. In this study, the individual

logMAR visual acuity values at different induced cylin-

der astigmatism levels were highly concentrated, which

supports the use of the Wilcoxon test to examine the

mean differences in the magnitude of astigmatic toler-

ance. And, when all axes were combined, the sample

points were around or above 30 for each IOL group,

warranting the use of the ANOVA test.

In summary, the subjects implanted with the small aper-

ture extended depth of focus IC-8 IOL demonstrated better

tolerance to induced astigmatism vs the other tested lenses,

with the differences being significant vs the FineVision and

AT Lisa IOLs. The IC-8 IOL group maintained good visual

acuity with no more than one line of loss from baseline with

up to 1.40 D of induced astigmatism when all axes were

combined. The results of this study further demonstrate the

ability of a small aperture IOL to manage preoperative or

postoperative astigmatism and to provide an alternative to

monofocal and presbyopia-correcting IOLs for correction of

low-to-moderate magnitudes of astigmatism, especially in

patients with oblique astigmatism.
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