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Tolerance to induced astigmatism 
of patients with trifocal or 
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Background: Residual astigmatism is common after cataract surgery involving 
implantation of an intraocular lens, yet the tolerance of presbyopia-correcting 
intraocular lens to astigmatism of different magnitudes and axes is poorly 
understood. Here we  compared visual acuity and quality in the presence of 
induced astigmatism after implantation of a trifocal or extended-depth-of-focus 
(EDOF) intraocular lens, the two widely used presbyopia-correcting intraocular 
lenses.

Methods: At least 3  months after implantation of a TFNT00 or ZXR00 intraocular 
lens, patients were analyzed by slit-lamp examination, non-contact tonometry, 
subjective refraction, iTrace aberrometry, and corneal topography. After 
correction of residual astigmatism, astigmatism of different magnitudes on 
different axes was induced using cylindrical lenses, and overall visual acuity was 
measured, while objective visual quality was measured using the Optical Quality 
Analysis System II. Subjects were also asked about subjective visual quality using 
the Visual Function-14 questionnaire.

Results: Comparison of 18 individuals who received a trifocal lens and 19 who 
received an EDOF lens showed that objective visual quality was better in the 
EDOF group regardless of the magnitude or axis of the induced astigmatism. 
In both groups, astigmatism of at least −1.00  DC influenced distant vision more 
severely when the axis was 45° than 0° or 90°, meanwhile astigmatism of at least 
−1.50  DC influenced near and intermediate vision more severely when the axis 
was 45° than 0° or 90°.

Conclusion: Trifocal or EDOF intraocular lenses are less tolerant of oblique 
astigmatism than astigmatism with or against the rule. EDOF lenses may provide 
better objective visual quality than trifocal lenses in the presence of astigmatism, 
regardless of its magnitude or axis.
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Introduction

Cataracts, which affect up to 17% of the global population at any 
one time, are the most frequent cause of reversible blindness (1). 
Prognosis for individuals with cataracts has improved tremendously 
through medical advances, with phacoemulsification and 
implantation of an intraocular lens restoring good vision quality to 
many. Increasingly attractive are intraocular lenses that correct 
presbyopia, such as trifocal and extended-depth-of-focus (EDOF) 
lenses, because they can obviate the need for glasses after cataract 
surgery (2). While these lenses can provide excellent near, 
intermediate and distant vision, they are associated with higher risk 
of adverse visual phenomena, such as glare and halos, than monofocal 
lenses are (3, 4). In addition, residual astigmatism after cataract 
surgery is quite common, exceeding 1.00 DC in up to 56% of patients 
in one study (5), and it is unclear to what extent presbyopia-correcting 
lenses are tolerant of residual astigmatism. Previous studies have 
compared the tolerance to induced astigmatism between small-
aperture, mono-or multi-focal intraocular lenses implanted in 
pseudophakic eyes (6–8), but we  are unaware of tolerance 
comparisons between trifocal and EDOF intraocular lenses implanted 
into pseudophakic eyes. Establishing the astigmatism tolerance of 
trifocal and EDOF lenses is important because residual astigmatism 
as low as 0.75 DC can reduce satisfaction with vision after cataract 
surgery (9).

Here we examined such tolerance in individuals after implantation 
of trifocal or EDOF lenses by inducing astigmatism of different 
magnitudes along different axes and then measuring overall visual 
acuity and visual quality.

Methods

Study participants

The protocol for this study was approved by the Ethics Review 
Board of West China Hospital, Sichuan University (approval 1,312, 
2021), and the study was registered on December 15, 2021  in the 
Chinese Clinical Trial Register (ChiCTR2100054362). Participants 
were prospectively recruited from among all adults scheduled for 
cataract surgery at the Department of Ophthalmology of West China 
Hospital between May 2020 and October 2022 who (a) had nuclear or 
cortical cataracts without posterior polar cataracts or concomitant 
intraocular disease, (b) had preoperative intraocular 
pressure < 21 mmHg, and (c) elected to undergo implantation with a 
PanOptix TFNT00 trifocal intraocular lens (Alcon Laboratories, Fort 
Worth, TX, United  States) or the Tecnis Symfony ZXR00 EDOF 
intraocular lens (Johnson & Johnson Vision, Santa Ana, CA, 
United  States) during cataract surgery. After being thoroughly 
informed about the functions of different IOLs, patients choose the 
type of intraocular lens based on their individual conditions.

We excluded patients who had (a) pre-or postoperative 
abnormality of the cornea, macula, or optic nerve; (b) postoperative 
development of secondary cataracts or significant intraocular lens 
displacement; (c) pre-or postoperative ocular inflammation; (d) 
history of ocular surgery; or (e) postoperative intraocular 
pressure > 21 mmHg. We also excluded patients who failed to complete 
follow-up.

Preoperative examinations

Prior to cataract surgery, all patients were examined for uncorrected 
distance visual acuity (UDVA), best corrected distant visual acuity 
(BCDVA), uncorrected and corrected near visual acuity, refraction, 
intraocular pressure based on non-contact tonometry, biometrics based 
on partial coherence interferometry (IOL Master 700, Carl Zeiss Meditec, 
Jena, Germany), corneal tomography (CASIA 2, Tomey, Nagoya, Japan) 
and topography (Topographic Modeling System, Tomey, Nagoya, Japan). 
The macula and retina were examined using optical coherence 
tomography (Heidelberg Engineering, Heidelberg, Germany) and 
scanning laser ophthalmoscopy (Optos, Marlborough, MA, United States), 
while corneal aberration was evaluated using an iTrace visual function 
analyzer (Tracey Technologies, Houston, TX, United States).

Cataract surgery and intraocular lens 
implantation

The surgeries on all patients were performed by the same 
experienced clinician using the Stellaris system (Bausch & Lomb, 
Rochester, NY, United States). After topical anesthesia and pupillary 
dilation, cataract surgery was performed with a clear corneal self-
sealing incision 2.0 mm long, continuous curvilinear capsulorhexis 
with a diameter of 5.0–5.5 mm, hydro-dissection and-delineation, 
phacoemulsification, irrigation and aspiration of the residual lens 
cortex, and insertion of either TFNT00 or ZXR00 lens.

After surgery, all patients were instructed to take eye drops containing 
0.3% tobramycin and 0.1% dexamethasone (Alcon-Couvreur, Puurs, 
Belgium) four times a day during week 1, three times a day during week 2, 
twice a day during week 3, and once a day during week 4. All patients were 
also asked to take eye drops containing 0.1% sodium diclofenac (Sinqi 
Pharmaceutical, Shenyang, Liaoning, China) four times a day for 4–6 weeks 
depending on the degree of postoperative inflammatory response.

Follow-up and assessment of astigmatism 
tolerance

All patients were followed up according to routine procedures in our 
department. For the present report, a single set of measurements from 
a follow-up visit conducted at least 3 months (actually ranged from 
6  months to 1  year) after surgery was analyzed. Uncorrected near, 
intermediate and distant visual acuity were measured, and refractive 
examination, non-contact tonometry, slit-lamp examination and corneal 
topography were performed. The modulation transfer function and 
wavefront aberrations were measured at a pupil diameter of 4 mm using 
the iTrace aberrometer. Subjects were asked to rate their subjective visual 
experience and satisfaction on the Visual Function-14 questionnaire (10).

Residual refractive errors were corrected, then BCDVA, best 
intermediate visual acuity (BIVA) and best near visual acuity (BNVA) 
were measured. Subjects were asked to wear cylindrical lenses that 
induced astigmatism of −1.00, −1.50 or-2.00 DC along the axes of 0° 
(“with the rule”), 45° (“oblique”) or 90° (“against the rule”). Under 
each of the nine situations, visual acuity was measured at near (40 cm), 
intermediate (60 cm) and far (5 m) distances using international 
standard logarithmic near-, intermediate-, and far-vision visual acuity 
charts. Results were converted to the LogMAR visual acuity scale for 
statistical analysis. Acuity was tested immediately after inducing 
astigmatism to avoid neural adaptation (11).
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Objective visual quality was measured in terms of the modulation 
transfer function cutoff frequency (MTF cutoff), Strehl ratio (SR), 
and objective scatter index (OSI) using a dual-channel Optical 
Quality Analysis System II (Visiometrics, Terrassa, Spain). 
Contribution of residual refractive errors to these three measurements 
was removed by using additional lenses or the system’s built-in 
low-order aberration correction. Visual quality was measured under 
the nine situations of induced astigmatism as described above.

Before measuring objective visual quality, we ensured that pupil 
diameter exceeded 4 mm, and we asked subjects to blink several times 
to ensure that the ocular surface was uniformly covered by tears.

Statistical analysis

Data were analyzed using SPSS 26.0 (Chicago, IL, United States) and 
GraphPad Prism 8.3.0 (GraphPad Software, San Diego, CA, 

United  States). Continuous data were reported as mean ± standard 
deviation if normally distributed, or as median (interquartile range) if 
skewed. Differences in continuous, normally distributed variables were 
assessed for significance using the independent-samples t-test in the case 
of pairwise comparisons, or using ANOVA in the case of comparisons 
involving at least three groups. Differences in continuous, skewed 
variables were assessed for significance using the Mann–Whitney U test 
in the case of pairwise comparisons, or using the Kruskal–Wallis test 
followed by Dunn’s method in the case of comparisons involving at least 
three groups. Categorical data were reported as frequency (percentage). 
Pairwise differences in categorical variables were assessed for 
significance using the chi-squared test if the expected frequency in either 
group was greater than 5, or using Fisher’s exact test otherwise. A sample 
size of 16 subjects provided adequate power to detect this difference at 
a significance level of 0.05 using a two-sided paired t-test. Differences 
were considered statistically significant if associated with p < 0.05.

Results

The final analysis included 37 eyes from 37 participants, 
comprising 18 eyes in the trifocal group and 19 in the EDOF group. 
The two groups did not differ significantly in any of the preoperative 
characteristics examined, except that the trifocal group showed a 

TABLE 1 Preoperative characteristics of individuals undergoing cataract 
surgery involving implantation of a trifocal or EDOF intraocular lens.

Characteristic Trifocal 
group

EDOF 
group

p*

No. eyes/patients 18/18 19/19

Age, yr 62.5 ± 6.4 62.3 ± 7.3 0.775

Sex 0.495

  Male 7 (39) 5 (26)

  Female 11 (61) 14 (74)

Axial length, mm 25.3 ± 1.91 23.94 ± 1.73 0.046

Anterior chamber depth, mm 3.24 ± 0.43 3.16 ± 0.33 0.165

Corneal refractive power, D 43.67 ± 1.18 44.05 ± 1.65 0.136

Corneal astigmatism, D 0.7 ± 0.4 0.46 ± 0.28 0.113

Values are n, n (%) or mean ± SD, unless otherwise noted. EDOF, extended depth of focus; 
IQR, interquartile range (quartile 1, quartile 3); SD, standard deviation. *Based on Fisher’s 
exact test for sex or the independent-samples t-test for all other variables.

TABLE 2 Postoperative examination results of individuals at least 
3 months after cataract surgery involving implantation of a trifocal or 
EDOF intraocular lens.

Characteristic Trifocal 
group

(n =  18)

EDOF 
group

(n =  19)

p*

Spherical diopter, D 0.03 ± 0.32 −0.22 ± 0.42 0.118

Cylindrical diopter, D −0.28 ± 0.45 −0.32 ± 0.30 0.663

Equivalent spherical diopter, D −0.13 ± 0.36 −0.36 ± 0.35 0.057

Corneal refraction, D 43.67 ± 1.17 44.09 ± 1.68 0.101

Corneal astigmatism, D 0.69 ± 0.41 0.53 ± 0.29 0.128

κ angle, mm 0.285 ± 0.178 0.207 ± 0.124 0.105

α angle, mm 0.318 ± 0.152 0.405 ± 0.146 0.105

Corneal spherical aberration, D 0.224 ± 0.057 0.226 ± 0.089 0.245

Total ocular higher-order aberration, μm 0.135 ± 0.097 0.157 ± 0.181 0.845

Corneal higher-order aberrations, μm 0.102 ± 0.126 0.085 ± 0.060 0.461

Intraocular pressure, mmHg 13.2 ± 1.9 13.3 ± 1.9 0.964

Values are mean ± SD. EDOF, extended depth of focus. *Based on the independent-samples t-test 
in the case of the three corneal parameters of curvature, astigmatism and spherical aberration; or 
based on the non-parametric Mann–Whitney U test in the case of other parameters.

TABLE 3 Responses on the Visual Function-14 questionnaire and self-
report of other visual function measures at least 3 months after cataract 
surgery involving implantation of a trifocal or EDOF intraocular lens.

Score or measure Trifocal 
group

(n =  18)

EDOF 
group

(n =  19)

p*

Visual Function-14 questionnaire scores**

Total 95.95 ± 9.50 94.94 ± 12.97 0.167

Distant tasks 96.94 ± 8.24 96.36 ± 10.62 0.707

Intermediate tasks 98.15 ± 6.61 99.56 ± 3.31 0.500

Near tasks 96.76 ± 8.48 99.12 ± 4.64 0.297

Fine tasks 88.57 ± 14.02 77.63 ± 20.79 0.063

Incidence of adverse visual effects

Starbursts 7 (38.9) 8 (42.1) 1.000

Glare 5 (27.8) 2 (10.5) 0.232

Halos 8 (44.4) 6 (31.6) 0.508

Satisfaction with postoperative 

visual function***
90.56 ± 7.25 91.58 ± 8.34 0.649

Proportion of individuals reporting 

satisfaction ≥90 points
14 (77.8) 14 (73.7) 1.000

Likelihood of recommending the 

same intraocular lens to family or 

friends***

87.78 ± 23.15 91.58 ± 17.4 0.279

Proportion of individuals reporting 

≥90% likelihood of recommending 

the same lens

14 (77.8) 15 (78.9) 1.000

Values are n (%) or mean ± SD, unless otherwise noted. EDOF, extended depth of focus. *Based 
on Fisher’s exact test in the case of the incidence of starbursts, glares and halos; or based on the 
Mann–Whitney U tests in all other cases. **Original scores, which could vary from a minimum 
of 0 to a maximum of 4, were converted to a 100-point scale. Higher score indicates better visual 
perception. ***Original scores on a 10-point scale were converted to a 100-point scale.
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FIGURE 1

Pairwise comparison of (A) near vision, (B) intermediate vision, (C) distant vision, (D) MTF cutoff, (E) SR, and (F) OSI between individuals who received 
trifocal or EDOF intraocular lenses in absence of induced astigmatism. BNVA, best near visual acuity; BIVA, best intermediate visual acuity; BCDVA, best 
corrected distant visual acuity; EDOF, extended depth of focus; LogMAR VA, visual acuity in terms of the logarithm of the minimum angle of resolution; 
MTF, modulation transfer function; OSI, objective scatter index; SR, Strehl ratio. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.

significantly longer axial length (Table 1). This is consistent with such 
individuals’ greater requirement for good near vision.

Postoperative data for all study participants were collected at 
follow-up visits that occurred at least 3 months after cataract surgery.

Comparison of the trifocal and EDOF 
groups in the absence of induced 
astigmatism

In the absence of induced astigmatism, the trifocal and EDOF 
groups did not differ significantly in postoperative refraction or in any 
of the corneal parameters examined, including curvature, astigmatism 
or spherical aberration (Table 2). Similarly, the two groups did not differ 
significantly on any of the items on the Visual Function-14 questionnaire 
(Table 3), although the EDOF group tended to report higher incidence 
of starbursts, while the trifocal group tended to report higher incidence 
of glare and halos. Nevertheless, the two groups reported similarly high 
satisfaction with visual function provided by their implanted lens.

In the absence of induced astigmatism, the trifocal group showed 
significantly better BNVA than the EDOF group but the two groups 
did not differ significantly in UDVA, BCDVA or BIVA (Figures 1A–C). 
The EDOF group showed significantly better modulation transfer 
function cutoff, Strehl ratio and objective scatter index (Figures 1D–F). 
In fact, mean values of all three parameters were within the normal 
range in the EDOF group but not in the trifocal group. Nevertheless, 
the two groups showed similar uncorrected visual acuity and reported 
similar satisfaction with their visual function.

Comparison of the trifocal and EDOF 
groups in the presence of induced 
astigmatism

Induced astigmatism of −1.00 DC did not significantly affect the 
acuity of near vision in either group, regardless of whether the axis 
was 0, 45 or 90° (Figure 2). It slightly affected intermediate vision, 
primarily in the trifocal group when the axis was 45°. In contrast, it 
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significantly diminished distant vision in both groups when the axis 
was 45 or 90°; only distant vision in the trifocal group was 
significantly reduced when the axis was 0°.

Induced astigmatism of −1.50 DC did not significantly affect near 
vision in the EDOF group, regardless of the axis, whereas it did 
significantly affect near vision in the trifocal group at an axis of 45°. 
Similarly, it significantly reduced intermediate vision in the EDOF 
group only at an axis of 45° but in the trifocal group at all three axis 
values. It significantly reduced distant vision in both groups, regardless 
of the axis, with the most severe reduction occurring at an axis of 45°.

Induced astigmatism of-2.00 DC significantly reduced near vision 
in the trifocal group regardless of the axis, but in the EDOF group only 
at an axis of 45°. Similarly, it significantly reduced intermediate vision 
in the trifocal group regardless of the axis, but in the EDOF group only 
at axes of 45 or 90°. It significantly reduced distant vision in both 
groups, regardless of the axis, with an axis of 45° associated with more 
severe reduction than 0°.

In other words, when the axis of induced astigmatism was 0°, the 
trifocal group experienced significant loss of near vision only at 
−2.00 DC, whereas the EDOF group did not experience significant loss 
even at that magnitude (Figure  3). The trifocal group experienced 
significant loss of intermediate vision from −1.50 DC, compared to 
−2.00 DC in the EDOF group. Both groups experienced significant loss 
of distant vision from −1.50 DC. When the axis of induced astigmatism 
was 45°, both groups experienced significant loss of near and 
intermediate vision from −1.50 DC, and they experienced significant loss 
of distant vision already from −1.00 DC. When the axis of induced 
astigmatism was 90°, similar to when the axis was 0°, the trifocal group 
experienced significant loss of near vision only at −2.00 DC, whereas the 
EDOF group did not experience significant loss even at that magnitude. 
The trifocal group experienced significant loss of intermediate vision 
from −1.50 DC, compared to −2.00 DC in the EDOF group. In contrast 
to when the axis was 0°, the trifocal group experienced significant loss of 
distant vision from −1.00 DC, compared to −1.50 DC in the EDOF group.

FIGURE 2

Comparison of best corrected acuity of (A) near vision, (B) intermediate vision and (C) distant vision under the specified magnitudes of induced 
astigmatism at different axes between individuals who received trifocal or EDOF intraocular lenses. Measurements were made after astigmatism of 
−1.00, −1.50 or −2.00  DC was induced at the indicated axis values at least 3 months after implantation. BCDVA, best corrected distant visual acuity; 
BIVA, best intermediate visual acuity; BNVA, best near visual acuity; EDOF, extended depth of focus; LogMAR VA, Logarithm of the Minimum Angle of 
Resolution visual acuity. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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FIGURE 3

Comparison of best corrected acuity of (A) near vision, (B) intermediate vision and (C) distant vision under induced astigmatism of different magnitudes 
at the specified axes between individuals who received trifocal or EDOF intraocular lenses. Measurements were made after astigmatism of −1.00, −1.50 
or −2.00  DC was induced at the indicated axis values at least 3 months after implantation. BCDVA, best corrected distant visual acuity; BIVA, best 
intermediate visual acuity; BNVA, best near visual acuity; EDOF, extended depth of focus; LogMAR VA, Logarithm of the Minimum Angle of Resolution 
visual acuity. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.

Consistent with these findings on visual acuity, we found that 
objective visual quality, as measured in terms of modulation transfer 
function, Strehl ratio and objective scatter index, was better for the 
EDOF group than the trifocal group in the presence of induced 
astigmatism. Astigmatism of −1.00 DC significantly reduced the 
modulation transfer function cutoff in both groups at axis values of 
45° or 90°, while it also reduced the cutoff at an axis of 0° in the 
trifocal group (Figure  4). In contrast, the same magnitude of 
astigmatism significantly reduced the Strehl ratio in both groups, but 
only when the axis was 90°; it significantly reduced the objective 
scatter index in both groups only when the axis was 45 or 90°. 
Regardless of axis, induced astigmatism of −1.50 or −2.00 DC 
significantly reduced all three visual quality parameters in both groups.

In other words, regardless of the axis of induced astigmatism, the 
three visual quality parameters in both groups declined significantly 
from −1.50 or −2.00 DC (Figure 5). When the axis was 90°, the only 

parameter to decline significantly in the EDOF group was modulation 
transfer function cutoff from −1.00 DC.

Regardless of the type of intraocular lens or axis of induced 
astigmatism, all the parameters of visual acuity and quality in our 
analysis declined with worsening astigmatism (Figure 6).

Discussion

Residual astigmatism could affect retinal image quality by 
preventing light from focusing properly on the retina and resulting in 
blurred or distorted vision at all distances, and its impact on the retinal 
image quality of trifocal IOLs was the most pronounced when compared 
to EDOF and monofocal IOLs (12). Residual astigmatism affects a 
substantial proportion of patients after cataract surgery (4), prompting 
us to assess the tolerance of increasingly popular trifocal and EDOF 
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lenses for astigmatism. Our analysis suggests that, regardless of the 
magnitude and direction of residual astigmatism, EDOF lenses are 
more tolerant to it. Both lens types are more tolerant to astigmatism 
when it is with or against the rule than when it is oblique. These results 
may help guide the choice of intraocular lens during cataract surgery.

We found that, depending on whether astigmatism was oblique, 
with the rule or against the rule, EDOF lenses tolerated astigmatism 
up to −1.00 DC or even −1.50 DC, whereas trifocal lenses tolerated 
astigmatism as strong as −1.00 DC only when astigmatism was with 
the rule. Our results are consistent with previous analyses suggesting 
that EDOF lenses can tolerate up to −1.50 DC (13), segmented 
refractive multifocal intraocular lenses, up to −1.00 DC (14); and 
diffractive multifocal lenses, up to −0.50 DC (9). One study has 
suggested that astigmatism worse than −1.00 DC should be corrected 
during implantation of multifocal intraocular lenses (15).

Not only the magnitude but also the direction of induced 
astigmatism affected visual acuity and quality after lens implantation in 
our sample, consistent with the vectorial nature of astigmatism (16), 

which must be considered during cataract surgery and corneal refractive 
surgery (17, 18). In fact, visual acuity in our subjects decreased with 
worsening severity of induced astigmatism, regardless of its axis. We also 
found that when the magnitude of astigmatism was held constant, its 
impact on visual acuity was smaller when its direction was with the rule 
than when it was oblique or against the rule, consistent with numerous 
studies in various countries about the effect of astigmatism on natural 
eyes (11, 19, 20), eyes that underwent laser refractive surgery (21), and 
pseudophakic eyes implanted with monofocal intraocular lenses (22, 23).

We found that induced astigmatism of −1.00 DC at an axis of 0° 
only slightly affected near, intermediate and distant vision, which is 
consistent with another study reporting that it reduced intermediate 
and distant vision less than at 90° (24). We  did not find that 
astigmatism of −1.00 DC significantly improve near visual acuity due 
to the relatively small sample size, in contrast to a previous study (22, 
25), although such astigmatism at an axis of 90° showed a tendency to 
improve near vision in some of our EDOF patients. The impact of 
astigmatism of −1.00 DC on near vision should be explored in larger 

FIGURE 4

Comparison of objective visual quality under the specified magnitudes of induced astigmatism at different axes between individuals who received 
trifocal or EDOF intraocular lenses in terms of (A) MTF cutoff, (B) OSI and (C) SR. Measurements were made after astigmatism of −1.00, −1.50 or 
−2.00  DC was induced at the indicated axis values at least 3 months after implantation. EDOF, extended depth of focus; MTF, modulation transfer 
function; OSI, objective scatter index; SR, Strehl ratio. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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FIGURE 5

Comparison of objective visual quality under induced astigmatism of different magnitudes at the specified axes between individuals who received 
trifocal or EDOF intraocular lenses in terms of (A) MTF cutoff, (B) OSI and (C) SR. Measurements were made after astigmatism of −1.00, −1.50 or 
−2.00  DC was induced at the indicated axis values at least 3 months after implantation. EDOF, extended depth of focus; MTF, modulation transfer 
function; OSI, objective scatter index; SR, Strehl ratio. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.

samples. We  found that such astigmatism reduced distant visual 
acuity, consistent with previous work (25).

Before induction of astigmatism, the trifocal group in our study 
showed abnormal values for all three visual quality parameters, 
whereas the EDOF group showed normal values. Nevertheless, the 
two groups did not differ significantly in uncorrected visual acuity or 
satisfaction with visual function. This may reflect that the diffractive 
trifocal lens creates a mismatch between objective visual quality 
outcomes and subjective visual perception. While this should 
be explored in future work, it may be explained, in part, by a previous 
finding that diffractive multifocal intraocular lenses display more stray 
light (26). The trifocal lens may generate more stray light because it 
has more rings than an EDOF lens, and the edge of each ring can give 
rise to stray light (27). Greater stray light may also explain why the 
other two visual quality parameters were worse in our trifocal group.

We found the impact of astigmatism at −1.50 and −2.00 DC to 
be substantial regardless of axis. We caution against interpreting this 
to mean that the impact is axis-independent, given the possibility that 
axial dependence was “drowned out” because of the strong magnitude. 

Future work should explore how the impact of mild astigmatism on 
objective visual quality depends on axis.

Our EDOF group reported lower incidence of glare, halos, and 
other optical phenomena than the trifocal group, which is 
consistent with previous studies (28, 29). Indeed, our trifocal group 
reported better near visual perception when performing fine tasks, 
based on the Visual Function-14 questionnaire. These findings may 
reflect that trifocal intraocular lenses are designed to provide 
distinct focal points for near, intermediate and distant vision. 
EDOF lenses, in contrast, are designed to offer moderate clarity at 
multiple distances, which may result in less sharp near vision.

Our comparison of the two types of intraocular lenses should 
be reliable because the two groups did not differ significantly in age, 
and none of the study participants had other eye comorbidities or 
history of ocular surgery. We set the artificial pupil diameter to 
4 mm during all measurements, and we corrected refractive error 
before inducing astigmatism. In these ways, our two groups showed 
negligible differences in factors known to affect visual quality as 
measured using the Objective Quality Analysis System (30–32).
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Our findings should be verified and extended in larger studies. 
Such work should also permit subgroup analysis to clarify, for 
example, potential relationships between astigmatism and types of 
adverse visual effects.

Conclusion

Trifocal and EDOF intraocular lenses are less tolerant of 
oblique astigmatism than astigmatism with or against the rule. 
Both lens types are more tolerant of astigmatism with the rule 
than against it. EDOF lenses may provide better objective visual 
quality than trifocal lenses in the presence of astigmatism, 
regardless of its magnitude or axis. Although both intraocular 
lenses can give rise to glare and halos, they are associated with 
high satisfaction with vision and willingness among patients to 
recommend the same lens to others.
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FIGURE 6

Dependence of visual acuity and quality on magnitude of induced astigmatism in individuals who received trifocal or EDOF intraocular lenses. 
Measurements were made after astigmatism of −1.00, −1.50 or −2.00  DC was induced at axis values of 0, 45, or 90° at least 3 months after 
implantation. The following parameters were assessed: (A) near visual acuity, (B) intermediate visual acuity, (C) distant visual acuity, (D) MTF cutoff, 
(E) SR, and (F) OSI. EDOF, extended depth of focus; MTF, modulation transfer function; OSI, objective scatter index; SR, Strehl ratio.
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