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Purpose: This study aimed to retrospectively compare postoperative axial misalignment of one-piece hydrophobic toric intraocular
lenses (IOLs) from three manufacturers and two different generations.

Methods: Clinical records of 420 eyes implanted with six types of toric IOLs were reviewed, including SN6AT3-T9 and CNWOT3-
T9 (Alcon, groups SA and CNW, respectively); 355T3-T5 and XY 1AT3-T6 (Hoya, groups 355 and XY 1A); and ZCT150/225/300/375
and ZCW150/225/300/375 (Johnson & Johnson Surgical Vision, groups ZCT and ZCW, respectively), with 70 eyes in each group. All
surgeries were performed using identical surgical equipment and technique, and axial marks were aligned using a surgical guidance
system. The axial marker position was measured on postoperative day 1, and the absolute difference from the target position was
calculated to determine the degree of misalignment. The rate of misalignment of >10 ° was also examined.

Results: The median axial misalignments were SA =2.3°, CNW =1.9°,355=38° XY1A=3.1°ZCT=43° and ZCW =2.6 °.
Misalignments in the 355 and ZCT groups were significantly greater than those in the SA and CNW groups (P < 0.045). Misalignment
>10 © was observed in 9 eyes in the 355 group, 6 eyes in the XY1A group, 10 eyes in the ZCT group, and 1 eye in the ZCW group.
Conclusion: Toric IOLs from Alcon exhibited the lowest degree of misalignment. A newer-generation IOL with frost-treated haptics
(ZCW group) showed reduced misalignment despite no change in material composition. This comparison suggested that IOL material
and haptic properties are factors associated with misalignment.
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Introduction
Toric intraocular lenses (IOLs) are widely used in cataract surgery for eyes with preexisting corneal astigmatism because
they restore uncorrected distance visual acuity (UDVA) and reduce postoperative refractive astigmatism.' To minimize
postoperative refractive astigmatism, the toric model and orientation of the implanted IOL are determined on the basis of
preoperative measurements of corneal astigmatism. The effectiveness of astigmatic correction with a toric IOL depends
on multiple factors, including the accuracy of preoperative measurements, selection of the appropriate toric model and
axis orientation, intraoperative alignment of the toric IOL, and postoperative IOL rotation. Corneal astigmatism on both
the anterior and posterior corneal surfaces can now be accurately measured using three-dimensional corneal topography,
while swept-source biometry provides precise measurements of axial length and anterior chamber depth. Using these
measurements, advanced algorithms can determine the optimal toric model and axial orientation. Additionally, intrao-
perative guidance systems enable precise real-time alignment of the implanted IOL.>

Postoperative deviations from the target orientation may arise from misalignment between the intended axis and the
implanted IOL orientation immediately after implantation, as well as from rotation of the implanted IOL during the
postoperative period.’ Ideally, a one-piece toric IOL should unfold rapidly, allowing the haptic ends to promptly establish
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contact with the capsular bag. The unfolding speed of an IOL depends on its material composition and haptic design.*®
In addition, previous studies have shown that differences in IOL orientation primarily occur between the completion of
surgery and the first postoperative day,”® highlighting the importance of evaluating both misalignment and rotation at this
early postoperative time point. Although several studies, including meta-analyses, have assessed various toric IOLs,""
these evaluations have been conducted using different biometry techniques, toric calculation algorithms, and axis
alignment methods. Consequently, it remains challenging to directly compare axial misalignment among multiple
types of toric IOLs under standardized conditions. Therefore, this retrospective study compared axial misalignment
among multiple types of toric IOLs from three manufacturers and two generations using standardized protocols for
preoperative examination, toric model selection, and surgery performed by a single surgeon.

Materials and Methods

This retrospective study was approved by the Institutional Review Board of the Mikawa Eye Clinic (Nos. 7,9, 11, and 12) and
conducted in accordance with the Declaration of Helsinki. A waiver of informed consent was granted because of the
retrospective nature of the study, which involved review of existing medical records only, while patient privacy and
confidentiality were maintained according to institutional protocols. Clinical records of 70 consecutive eyes per IOL type
from patients aged 65-90 years who underwent cataract surgery between January 2017 and December 2021 with implantation
of a toric IOL were reviewed. Eyes with ocular pathology that could affect postoperative vision, other than cataract, or those
with intraoperative complications such as failure to implant the IOL within the capsular bag were excluded.

Toric IOL Models

Table 1 lists the six types of one-piece hydrophobic toric IOLs implanted in this study, consisting of newer and
predecessor models from three manufacturers.

Table | Implanted One-Piece Acrylic Toric IOLs

Company IOL Model (cylinder | Lens Material Haptic Design (Total Glass Group
on IOL, D) Diameter) Transition
Temperature
Alcon SN6AT3-T9 (1.50, 2.25, | Hydrophobic (AcrySof) Planar with flexible 12.5 SA
Laboratories 3.00, 3.75, 4.50, 5.25, Copolymer of PEA and PEMA, crosslinked hinge (13.0 mm)
6.00) with butanediol diacrylate
CNWOT3-T9 (1.50, Hydrophobic (Clareon) Planar with flexible 9.1 CNW
2.25, 3.00, 3.75, 4.50, Copolymer of PEA and HEMA, crosslinked hinge (13.0 mm)
5.25, 6.00) with butanediol diacrylate
Hoya 355T3-T5 (1.50, 2.25, Hydrophobic (iSert) Step-vaulted (12.5 mm) 11 355
3.00) Crosslinked copolymer of PEMA and n-butyl
acrylate, fluoroalkyl methacrylate
XYIAT3-Té6 (1.50, Hydrophobic (Vivinex iSert) Step-vaulted, scuffed Il XYIA
2.25, 3.00, 3.75, 4.50) Addition of UV-ozone surface modification surface (13.0 mm)
Johnson & ZCT150/225/300/375 Hydrophobic (TECNIS) Copolymer of EA, Offset with flexible 12.2 ZCT
Johnson (1.50, 2.25, 3.00, 3.75) | EMA, TFEMA crosslinked with ethyl glycol hinge (13.0 mm)
Surgical Vision dimethacrylate
ZCW150/225/300/375 Offset with flexible 12.2 ZCW
(1.50, 2.25, 3.00, 3.75) hinge and frosted
surface (13.0 mm)

PEA, 2-phenethyl acrylate; PEMA, 2-phenethyl methacrylate; HEMA, 2-hydroxyethyl methacrylate; EA, ethyl acrylate; EMA, ethyl methacrylate; TFEMA, 2,2,2-trifluoroethyl

methacrylate.
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e The Clareon® toric IOL CNWOT3-T9 (Alcon, Fort Worth, TX), included in the CNW group, was structurally
similar to its predecessor, the AcrySof® toric IOL (SN6AT3-T9, Alcon), in the SA group, except that phenylethyl
methacrylate was replaced with hydroxyethyl methacrylate.” Consequently, the water content increased to 1.5%,
and the glass-transition temperature decreased to 9.1 °C.

e In the toric IOLs manufactured by Hoya (Tokyo, Japan), no material modifications were made between the
predecessor model 355T3-T5 (group 355) and the newer model XY1AT3-T6 (group XY1A). However, the
newer model underwent oxygen processing using ultraviolet light to facilitate adhesion of capsular epithelial
cells.'® Additionally, the overall length was increased from 12.5 mm to 13.0 mm together with a scuffed haptic
surface.

e In the TECNIS® toric IOLs (Johnson & Johnson Surgical Vision: J&J, Santa Ana, CA, USA), the material and
design did not change between the predecessor models ZCT150/225/300/375 (group ZCT) and the newer models
ZCW150/225/300/375 (group ZCW), whereas the haptic surface was frosted in the newer model.

Surgery
All surgeries were performed by a single experienced surgeon with experience implanting toric IOLs in approximately
2900 eyes, using a standardized protocol. Preoperative measurement of axial length was used with the IOLMaster 700
(Carl Zeiss Meditec AG, Jena, Germany). When cataracts were too dense for measurement with the IOLMaster 700,
ultrasound biometry was used instead. Corneal astigmatism was measured using the reference unit with measurement
module of the surgical guidance system VERION®™ (Alcon). Using the axial length data, IOL power was calculated with
the Barrett Universal I formula, and the target refraction was determined according to patient preferences. Subsequently,
selection of the toric model and axis orientation were determined.

A 2.4-mm sclerocorneal single-plane incision was created, followed by continuous curvilinear capsulorrhexis using
a 5.5-mm-diameter marker from the surgical guidance system. Cataract was removed using phacoemulsification and
aspiration technique. The IOLs were implanted into the capsular bag using manufacturer-specified injectors. Eyes with
capsular tears or ruptures were excluded from analysis. The IOL was aligned with the surgical guidance system, and the
ophthalmic viscoelastic device was completely removed from the posterior and anterior chambers of the IOL. Then, the
final IOL orientation was confirmed. Patients were advised to avoid excessive head movement or vigorous shaking until
the examination next day.

Orientation Examination
As postoperative rotation of the implanted IOL most frequently occurs between the end of surgery and one day

"8 the IOL orientation was therefore examined on postoperative day 1. After mydriasis, retro-

postoperatively,
illumination images of the implanted toric IOL were captured using a slit-lamp microscope, and the axis marks of the
toric IOL were connected (left bottom of Figure 1). This image was overlaid with an image of axis positions in the
VERION image unit (left top of Figure 1), and the orientation difference between the target and postoperative positions
was obtained (right of Figure 1). The difference (positive value for clock-wise direction) and the absolute value defined
as the misalignment were measured. Both axial orientations were measured with the patient in a sitting position to avoid

the influence of eye cyclotorsion.

Postoperative Refraction and Vector Analysis

One month after surgery, uncorrected and corrected distance visual acuities (UDVA and CDVA, respectively) and
cylindrical refraction were examined. Using preoperative cylindrical refraction values, vector analysis based on the
Alpins method'' was performed using the AstigMATIC software.'? From the target-induced astigmatism vector (TIA)
and surgically induced astigmatism vector (SIA) for toric IOL implantation, the difference vector (DV) was obtained.
As DV corresponded to the residual astigmatism vector after treatment, the influence of misalignment can be
evaluated.
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A. VERION image immediately after toric IOL
implantation

, 42.61dptx 1°

C. Overlayed image with target and
postoperative positions

Target axis position

gy 4

B. Slit-lamp microscope image one-day after
surgery

Post-op axis position |

Target axis position

Figure | Orientation examination. Axis positions from the VERION image unit (left top in red line) and a retro-illumination image of the implanted toric-IOL with the axis
mark position (left down in blue line), an overlaying an image with, the orientation difference between the two positions (right) was obtained.

Statistical Analysis

Differences in age, preoperative corneal astigmatism, and postoperative cylinder were examined using analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test. The means of the arithmetic and absolute differences
in IOL orientation were examined using ANOVA and the Kruskal-Wallis’s test following the Steel-Dwass multiple
comparison test, respectively. The rates of absolute differences of >5 © and >10 ° were compared between groups using
the chi-squared test following residual analysis. Statistical significance for the two-tailed test was set at P < 0.05.

Results
The demographic data of the groups are presented in Table 2. The mean age of the SA group was significantly higher
than that of the 355 and ZCT groups (P < 0.022, Tukey’s multiple comparison test), and the mean age of the CNW group

Table 2 Demographic and Preoperative Characteristics of Eyes Implanted with Six Types of Toric IOLs

Group | Eyes/Patients Age, Year Axial Length, mm Corneal Astigmatism, D Eyes of Each Toric Model
SA 70/58 792 +401([71,87] | 23.71 = 1.30 [21.3, 28.0] 1.45 + 0.58 [0.61, 3.26] T3 | T4 | TS | Té | T7-T9
19 | 25 17 6 3
CNW 70/55 782 + 4.9 [70, 89] | 24.04 = 1.20 [21.8, 27.5] 1.27 £ 0.53 [0.34, 3.91] T3 | T4 | TS | Té | T7-T9
9 29 | 23 8 |
355 70/51 764 + 44 [69, 85] | 23.89 + 1.04 [22.3, 26.9] 1.58 + 0.56 [0.85, 3.70] T3 | T4 | T5
36 | 26 8
XYIA 70/53 77.5 £ 5.6 [67,90] | 23.67 £ 0.99 [21.6, 26.5] 1.28 + 0.56 [0.46, 2.63] T3 | T4 | TS | Té
13 ] 26 | 22 9 -

(Continued)
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Table 2 (Continued).

Group | Eyes/Patients Age, Year Axial Length, mm Corneal Astigmatism, D Eyes of Each Toric Model
ZCT 70/54 75.6 £ 4.7 [70, 87] | 24.23 + 1.67 [21.6, 28.4] 1.65 + 0.68 [0.48, 3.24] 150 | 225 | 300 | 375

23 17 18 12 -
ZCW 70/49 782 + 4.8 [72,90] | 23.89 + 1.04 [22.3, 26.9] 1.28 + 0.57 [0.29, 2.80] 150 | 225 | 300 | 375

Il 34 15 10 -

Note: Mean + SD [range].

Table 3 Postoperative |-Day Misalignments

Group Arithmetic Mean Absolute Mean | Absolute Median | Rate of 5/ 10 Degree or More Misalignment
SA —0.3 £29[-6.2, 6.0] 24 £ 1.7 [0.0, 6.2] 23 8.6% / 0.0%

CNW 03+34[-97,7.1] 2.6 £22[0.0,9.7] 1.9 15.7% / 0.0%

355 -07 £ 6.1 [-128,13.9] | 47 £3.8[0.2, 13.9] 38 40.0% / 12.9%

XYIA —1.4+64[-274,98] | 45+48][0.1,274] 3.1 30.0% / 8.6%

ZCT —1.6 + 83 [-225,27.1] | 6.0 £6.0[0.1, 27.1] 43 45.7% | 14.3%

ZcwW 03 £37[-84,101] | 3.0%21[02 10.1] 26 15.7% / 1.4%

Note: Mean + SD [range].

was higher than that of the ZCT group (P = 0.046). However, the mean differences in age were less than 3.6 years. In one
eye each in the AT and ZCT groups and in 2 eyes in the 355T group, axial lengths were measured using ultrasound
pachymetry. No significant differences in mean axial lengths were observed between the groups (P = 0.082, one-way
ANOVA). Significant differences were observed in preoperative corneal astigmatism (P < 0.001, ANOVA) due to the
range of cylinder powers used in the IOLs.

Table 3 presents the arithmetic mean values as well as the mean absolute values of misalignment. Although the
SD values were wider in 355, XY1A, and ZCT groups for the arithmetic means, no significant difference was
observed (P = 0.21, ANOVA). For the absolute values that corresponding to misalignments, the 355 and ZCT groups
showed significantly larger values than the SA and CNW groups (P < 0.010, Steel-Dwass multiple comparisons). In
contrast, no significant differences were observed among the SA, CNW, XY1A, and ZCW groups. Figure 2 shows
box plots of the absolute misalignment values. As shown in Table 3, the rates of >5 °were significantly lower in the
SA, CNW, and ZCW groups (P < 0.032, residual analysis), and higher in the 355 and ZCT groups (P < 0.0033). For
rates of >10 °, the 355 and ZCT groups were higher (P < 0.011), whereas the SA and CNW groups were lower
(P =0.018).

30
X X
© 25
2 X
o)
D 90 | X X
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SA CNW 355 XY1A ZCT ZCW
Group

Figure 2 Box plots of the arithmetic (upper) and absolute (lower) differences in IOL orientation after implantation of six types of toric |OLs. Mean (upper) and median
(lower) values are indicated by black 4.
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Table 4 Spheric and Cylindrical Refractions and Visual Acuity | Month Postoperatively

Group UDVA, logMAR CDVA, logMAR Cylindrical Refractive, D | Mean DV Arithmetic [Vector]
SA 0.034 £ 0.144 [-0.176, 0.523] | —0.082 + 0.048 [-0.176, 0.000] 0.43 + 0.31 [0.00, 1.25] 0.43 D [0.13 D Ax 9]
CNW 0.045 £ 0.153 [-0.176, 0.523] | —0.062 + 0.072 [-0.301, 0.097] 0.30 + 0.31 [0.50, 1.00] 0.31 D [0.12 D Ax 72]

355 0.047 £ 0.162 [-0.176, 0.689] | —0.062 + 0.056 [-0.176, 0.155] 0.50 + 0.35 [0.00, 1.25] 0.49 D [0.28 D Ax 174]
XYIA 0.024 £ 0.141 [-0.301, 0.398] | —0.082 + 0.059 [-0.301, 0.000] 0.39 + 0.34 [0.00, 1.25] 0.38 D [0.04 D Ax 146]
ZCT 0.074 £ 0.220 [-0.176, 1.222] | —0.087 + 0.053 [-0.176, 0.155] 0.42 + 0.39 [0.50, 1.50] 0.43 D [0.06 D Ax 104]
ZCW —0.017 + 0.122 [-0.176, 0.398] | —0.086 + 0.046 [-0.176, 0.000] 0.29 + 0.31 [0.00, 1.00] 0.29 D [0.11 D Ax 102]

Note: Mean * SD [range].

Table 4 presents UDVA, CDVA, cylindrical refraction, and mean DV values in the six toric IOL groups at one month
respectively. Significant differences were observed between the 355 and ZCT groups and the ZCW group (P < 0.027,
Steel-Dwass comparison) in UDVA and between the 355 and ZCT groups (P = 0.034) in CDVA. For cylindrical
refraction, the 355 group showed higher values than the CNW and ZCW groups (P<0.0064, Tukey’s multiple compar-
isons), whereas the mean differences were relatively small (0.20 D). No remarkable differences were observed in the
arithmetic or vector means. Figure 3 shows the DVs obtained from the vector analysis. Influences of large misalignment
of >10 ° were not identified. The impact of large misalignments 1 day postoperatively was observed in the 355 and ZCT
groups for UDVA and only in the 355 group for cylindrical refractions and CDVA.

Discussions

Misalignment following implantation of six types of toric IOLs from three manufacturers was compared using identical
procedures. The use of newer models from Hoya and J&J successfully reduced misalignment. In contrast, no significant
difference was observed between the toric models from Alcon. In the evaluation by Osawa et al, misalignment of XY 1A
toric IOLs on postoperative day 1 (mean: 5.43 °) was significantly lower than that of 355 toric IOLs (mean: 8.78 °), and
the rate of misalignment of 10 ° or more improved from 45.7% to 10.9% at 1 month postoperatively.'® In a previous
comparison between ZCW and ZCV, which is a violet light-blocked version of ZCT, at 3-months postoperatively ZCW
significantly reduced the mean misalignment (P = 0.018) and the rate of 10 ° or more (P = 0.04).'* In a subgroup analysis
of the latest meta-analysis, newer toric models such as ZCW decreased the mean absolute rotation.® These findings are
consistent with those of the current study.

SA 355 ZCT

[vean] Difference Vector Difference Vector Difference Vector
Avith. Mean: o 90° "
35 105 7

Vector Mean: Vector Mean
105° ° 75 105 o 75

135 45° 135 45° 135 45°

‘ 3 2 1 0 1 2 3 4 4 3 2 I o 1 2 3 4 4 3 2 i 11 1 2 3 4
Diopters Diopters Diopters

CNW XY1A ZCW
[reat] Difference Vector

Asith. Mean: . 90° .

Difference Vector @ Vector e Difference Vector
. 0040 Ax 146 .

" 90 " S0 X096 “Avith. Mean: 105 90 25
109 7 S0 Y.037 020

120° 60°

135° 5 135 45 135° 45

S

‘ 3 2 1 o 1 2 3 4 4 3 2 2 3 s ‘ 3 2 1 o 1 2 3 4
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Figure 3 Difference vector plots for six toric IOLs.
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Although misalignments of >10 © occurred in 9, 6, and 10 eyes in the 355, XY 1A, and ZCT groups, respectively, no
impact was observed in the DV results across the six groups. Misalignment creates differences between SIA and TIA and
increases DV."' Specific groups exhibited large misalignments, yet the mean DV values were not different from those of
the other groups with few or no such cases. Further investigation remains necessary.

SA and CNW groups showed comparable misalignment. The toric IOL platform of SN6AT3-T9 consists of a material
suitable for faster unfolding®> and a haptic with a flexible hinge to ensure contact between the haptic end and the capsule.
The toric IOL of CNWOT3-T9 contains slightly softer material, with a lower glass-transition temperature and higher
water content.” Therefore, detecting a significant difference in misalignment between these models may be challenging.

Among TECNIS toric IOLs, the ZCW group demonstrated notably reduced misalignment. Experimental evaluations
of IOL unfolding and clinical comparisons between ZCT and ZCW IOLs indicated that faster unfolding and a frosted
IOL contribute to reduced misalignment.'* In addition, a meta-analysis® concluded that haptic design is effective in
improving rotational stability. Frosted haptic arms improve rotational stability by increasing friction between the haptic
arm and the capsular bag.'”> Although the unfolding speed was slower than that of the SN6AT3-T9 IOLs platform,’ the
misalignment of the ZCW group was comparable to that of the SA and CNW groups. Because the hinge design of the
haptics was similar to that of the Alcon toric IOL, it was speculated that increasing friction between the haptic arm and
the capsular bag would have a greater impact. In XY1A IOLs, the haptic surface was scuffed, and misalignment was
slightly greater than that in the ZCW group, suggesting that differences in haptic surface properties may contribute to this
outcome. Further investigation is warranted.

In Hoya toric IOLs, improvements in the total IOL length and the haptic surface were designed to reduce misalign-
ment. Compared with a toric IOL with an overall length of 12.5 mm, a toric IOL with an overall length of 13.0 mm
decreases misalignment.'? However, the XY 1A group exhibited a slightly greater misalignment than the SA, CNW, and
ZCW groups. Differences in IOL material and haptic design, as well as slow unfolding'® should be investigated.

This study has some limitations. First, owing to its retrospective design, IOL orientation could not be examined
immediately after surgery. This factor should be examined to evaluate the exact difference between misalignment and
IOL rotation.> Previous findings have indicated that the greatest difference in IOL orientation was observed one day
postoperativelu.”* Current measurements therefore remain adequate for evaluating material and haptic design effects.
Further evaluation requires experiments at physiological ocular temperature'’ and prospective comparisons. Next,
bilateral cases occurred in groups. To maintain the privacy and confidentiality of patient privacy-related data, patient
identification was completely masked. Ideal analysis would include one eye from each patient; however, there was
a slight risk owing to the small number of bilateral cases. Lastly, the implantation period varied among the toric models.
Newer models were implanted sequentially after their predecessors rather than in parallel. Owing to longer experience
with identical procedures, surgeons and examiners became accustomed to implanting new toric models. This proficiency
was minimally influenced by the use of established examination and surgical guidance systems.

Conclusions

Alcon toric IOLs exhibited the least misalignment, with no significant differences between the material generations
(AcrySof and Clareon). Newer generations of the XY 1A and ZCW groups reduced misalignment by changing the design
and overall length of the haptics. This comparison performed under the same procedure demonstrated the influence of
IOL material and haptic properties on misalignment.

Abbreviations

ANOVA, analysis of variance; CDVA, corrected distance visual acuity; DV, difference vector; IOL, intraocular lens; SIA,
surgically induced astigmatism vector; TIA, target-induced astigmatism vector; UDVA, uncorrected distance visual
acuity.
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