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Purpose: To assess the refractive accuracy of the intraoperative aberrometer Optiwave Refractive Analysis (ORA) and evaluate 
factors impacting residual astigmatism in eyes implanted with PanOptix (TFNT) trifocal intraocular lenses (IOLs) during cataract 
surgery.
Patients and Methods: This retrospective study examined 180 eyes implanted with a toric or non-toric trifocal IOL during cataract 
surgery. The mean refractive prediction error (RPE), median absolute RPE, and percentage of eyes with an absolute RPE ≤0.25, ≤0.50, 
≤0.75, and ≤1.00 diopter (D) were determined for ORA and each of the IOL power formulas (Sanders–Retzlaff–Kraft/Theoretical 
[SRK/T], Barrett Universal II, and Haigis). Correlation analysis of postoperative residual astigmatism and factors associated with it 
was performed using Pearson’s and Spearman correlations in eyes with non-toric trifocal IOLs.
Results: After optimization, the median absolute RPE was 0.19 D, 0.25 D, 0.20 D, and 0.26 D in eyes measured using ORA and the 
SRK/T, Barrett Universal II, and Haigis formulas, respectively. An absolute RPE ≤0.50 D after optimization was noted in 92.8%, 
83.3%, 88.3%, and 81.1% of the eyes using ORA and the SRK/T (p=0.0093), Barrett Universal II (p=0.2071), and Haigis 
(p=0.0018) formulas, respectively, showing significant differences between ORA and the SRK/T and Haigis formulas. The mean 
±standard deviation subjective residual astigmatism in non-toric IOL eyes (N=76) was 0.46±0.39 D and showed a strong positive 
correlation with preoperative objective refractive astigmatism (r=0.2925, p=0.0109), intraoperative ORA–measured astigmatism 
(r=0.5555, p<0.0001), postoperative objective refractive astigmatism (r=0.8188, p<0.0001), and postoperative total corneal astig-
matism (TCA) (r=0.4051, p=0.0003) and a negative correlation with preoperative anterior corneal astigmatism (r=−0.3541, 
p=0.0017).
Conclusion: ORA is a salient tool for improving the postoperative refractive accuracy of trifocal IOL power calculations and may 
help in determining the need for toric IOL use in astigmatic eyes with cataracts. Residual astigmatism correlated with objective 
refractive astigmatism, ORA-measured astigmatism, and postoperative TCA.
Keywords: cataract surgery, intraoperative aberrometry, residual astigmatism, refractive prediction error, trifocal IOL

Plain Language Summary
During cataract surgery, the cloudy natural lens causing blurry vision is replaced with a clear artificial lens called an intraocular lens 
(IOL), which may be monofocal or multifocal. Trifocal IOLs, such as the AcrySof IQ PanOptix Trifocal IOL, correct near vision loss 
by enhancing intermediate and near vision while maintaining desirable distance vision.

While planning for cataract removal, an accurate IOL power calculation is performed to provide an IOL that fits individual 
patients’ needs and improves refractive outcomes impacting vision. An eye surgeon determines the correct power for an IOL by 
measuring various features of the eye. The accuracy of these measurements before surgery (using power formulas) or during surgery 
(using intraoperative aberrometers such as Optiwave Refractive Analysis [ORA]) is often critical in obtaining greatly improved visual 
acuity and reduced spectacle dependence. ORA provides real-time guidance to surgeons during cataract surgery for power selection 
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and positioning of the lens, as well as in detecting abnormal curvature of the eye (astigmatism). Our findings showed that ORA 
considerably improved the accuracy of these refractive measurements.

Astigmatism can cause eyes to produce distorted images and is corrected using toric IOLs. For many years, it was thought that 
residual astigmatism after cataract surgery mainly arises from the anterior corneal surface. We used ORA to detect residual 
astigmatism arising from several parts of the eye and lens parameters to understand the association between them. ORA could 
accurately measure residual astigmatism and detect changes in total corneal astigmatism resulting from incisions during surgery.

Introduction
Multifocal intraocular lenses (IOLs) have become widely popular in cataract surgery with the availability of bifocal, 
extended depth-of-focus, and trifocal lens types.1 AcrySof IQ PanOptix TNFT lenses (Alcon Vision LLC, Fort Worth, 
TX, USA) are trifocal non-toric/toric IOLs which have an intermediate focal point of 60 cm and provide good visual 
acuity at all ranges of vision, along with excellent rotational and axial stability.2 These features optimize visual outcomes 
after cataract surgery, thereby increasing patient satisfaction.1 However, in eyes implanted with multifocal IOLs, post-
operative refractive error and subjective residual astigmatism can worsen uncorrected visual acuity (UCVA).1,3

Each diopter (D) rise in astigmatism can lower uncorrected distance visual acuity (UDVA) by 1.5 lines and 
significantly increase spectacle dependency after surgery.4,5 True spectacle independence can only be achieved if the 
cataract surgery leads to ≤0.50 D of astigmatism.6 These concerns can cause patient dissatisfaction and necessitate further 
improvements in the accuracy of the procedure.5 Corrective surgery for astigmatism includes corneal incisions, corneal 
refractive surgery, and toric IOL implantation.4 Moreover, improved visual outcomes have been reported with the use of 
toric IOLs than with other corrective surgeries for astigmatism, such as corneal incisions and corneal refractive surgery.4 

Besides refractive accuracy of the postoperative spherical equivalent, reduced postoperative residual astigmatism (≤0.75 
D) also plays a crucial role in improving UCVA with trifocal IOLs.3,7

Residual astigmatism is influenced by several ocular components, especially anterior corneal astigmatism (ACA) 
and posterior corneal astigmatism (PCA); however, keratometry measures only ACA, assuming a constant posterior/ 
anterior corneal curvature ratio.8 Moreover, in cases where corneal ectatic diseases are present or changes in corneal 
curvature occur following refractive surgery, such objective total corneal astigmatism (TCA) measurements can be 
highly inaccurate.9 The selection of toric IOLs and the determination of cylinder have relied solely on ACA values; 
however, recent reports suggest that accounting for PCA as well could help achieve improved visual correction 
outcomes.10–12

The Optiwave Refractive Analysis (ORA) system (Alcon Vision LLC, Fort Worth, TX, USA), inspired by the Talbot– 
Moiré technique of interferometry, is a widely used wavefront aberration analyzer that allows surgeons to estimate 
refraction, improve cylinder and IOL power, and aid IOL alignment during cataract surgery.4,13 The consideration of 
aberrometry measurements obtained using the ORA system before finalizing the toric IOL power has been found to 
improve outcomes, even in patients who had undergone previous corneal refractive surgeries.13 A large retrospective 
database analysis including 32,189 eyes found that the percentage of absolute prediction error ≤0.5 D for the ORA 
system was significantly greater than that for the preoperative calculation formula in eyes with AcrySof IQ IOL, AcrySof 
IQ toric IOL, or AcrySof IQ Restor IOL (81.9% versus 75.9%; P<0.0001).14 In another study involving AcrySof IQ toric 
IOL implants, the percentage of eyes with astigmatism ≤0.5 D at 1 month was higher for the ORA system than for the 
preoperative calculation formula and toric calculator (89.2% versus 76.6%; p=0.006).15

Although further improvements in accuracy and satisfaction can be expected by using ORA, studies exploring the 
accuracy of refractive prediction estimated by ORA with AcrySof IQ PanOptix (TFNT), the first trifocal IOL to be 
approved by the Food and Drug Administration, are limited and need to be validated against conventional preoperative 
planning.16,17 While previous studies have reported astigmatic outcomes after the implantation of TFNT toric IOLs, per 
our knowledge, no study has investigated the relationship between postoperative residual astigmatism and each of the 
ocular components that contribute to it.5,18 Therefore, this study aimed to assess the accuracy of refractive prediction, 
determined by ORA, for trifocal IOL implantation in comparison with preoperative IOL power calculations, assess the 
correlation between residual astigmatism and ORA measurement, and determine the factors associated with residual 
astigmatism.
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Materials and Methods
Study Design
This single-center, retrospective, observational study was conducted using electronic medical records of patients visiting 
the Minami Osaka Eye Clinic in Japan from July 2019 to December 2020 for cataract surgery. MINS Institutional 
Review Board, an independent ethics committee and a non-profit organization, reviewed and approved the clinical study 
protocol (approval number 200247) with a waiver of consent because of the retrospective nature of the study. All patient 
data were deidentified and an opt-out approach was adopted to allow patients the option of refusing participation in the 
study. The study was conducted in accordance with the Declaration of Helsinki and the Ethical Guidelines for Medical 
and Health Research Involving Human Subjects.

Inclusion and Exclusion Criteria
Electronic medical records of consecutively included patients meeting the following inclusion criteria were analyzed 
retrospectively: age ≥20 years; implanted with a TFNT IOL in the capsular bag and intraoperatively analyzed using the 
ORA between July 2019 and December 2020; followed up 1–3 months postoperatively; and having a postoperative 
best-corrected visual acuity (BCVA) of 0.0 logarithm of the minimum angle of resolution (logMAR) visual acuity or 
better.

The exclusion criteria included a history of ophthalmic surgeries within 3 months after cataract surgery; corneal 
lesions (opacity and scarring) that prevented or could prevent accurate intraoperative measurement using ORA; an 
incompletely fixed IOL in the lens capsule; a history of keratorefractive surgery; the use of drugs or the presence of 
diseases that could affect postoperative visual acuity or refraction; the presence of a ruptured Zinn’s zonule or posterior 
capsule, vitreous prolapse, or hyphema during surgery; or the presence of other systemic or ophthalmic disorders 
considered inappropriate for inclusion by the physician.

Preoperative, Intraoperative, and Postoperative Keratometry
Preoperative and postoperative examinations were performed using OA-2000 (Tomey Corporation, Nagoya, Japan) and 
Auto Ref/Keratometer (Nidek Co. Ltd, Gamagori, Aichi, Japan), along with anterior segment three-dimensional optical 
coherence tomography-CASIA2 (Tomey Corporation, Nagoya, Japan), which was used to measure the refractive power 
of the anterior and posterior corneal surfaces as well as the tilt and decentration of the preoperative crystalline lens and 
postoperative IOLs. Preoperative IOL power calculations using the Sanders–Retzlaff–Kraft/Theoretical (SRK/T), Barrett 
Universal II, and Haigis formulas were obtained using axial length, anterior chamber depth, and corneal power measured 
using OA-2000, with IOL constants of 119.1 for SRK/T; 1.94 for Barrett Universal II; and a0=1.39, a1=0.4, and a2=0.1 
for Haigis, as suggested by the manufacturer, and surgically induced astigmatism (SIA) of 0.25 D.

Anterior capsulotomy and lens fragmentation were performed using a LenSx Femtosecond Laser (Alcon Vision LLC, 
Fort Worth, TX, USA), corneal incisions were made using a 2.4-mm scalpel from the superior side, and phacoemulsi-
fication was performed using a Centurion Vision System (Alcon Vision LLC, Fort Worth, TX, USA) by the same surgeon 
in all cases. Intraoperative wavefront measurement was obtained using the ORA system optimized with the global 
AnalyzOR database and did not include personal optimization. Intraoperative toric IOL alignment was conducted using 
a VERION Image Guided System (Alcon Vision LLC, Fort Worth, TX, USA) and the ORA System. AcrySof IQ 
PanOptix IOLs or AcrySof IQ PanOptix toric IOLs, such as TFNT00, TFNT30, TFNT40, TFNT50, or TFNT60 (Alcon 
Vision LLC, Fort Worth, TX, USA) were implanted. Spherical power and cylinder power were determined by the 
surgeon based on preoperative measurement values, preoperative IOL power calculation, and intraoperative measurement 
using ORA. Toric IOLs were used in eyes with against-the-rule (ATR) ACA ≥0.75 D and in eyes with with-the-rule 
(WTR) astigmatism ≥1.0 D.

Endpoints
The primary endpoints of this study were refractive prediction error (RPE); absolute RPE; percentage of eyes with an 
absolute RPE ≤0.25 D, ≤0.50 D, ≤0.75 D, ≤1.0 D; residual astigmatism and its correlation with related factors such as 
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preoperative/postoperative refractive astigmatism, intraoperative ORA–measured astigmatism, preoperative/postopera-
tive TCA, and preoperative/postoperative ACA.19

The RPE for each IOL power calculation and ORA was defined as the difference in the predicted refractive spherical 
equivalent determined preoperatively/intraoperatively and the actual spherical equivalent of the subjective refractive 
value determined 1–3 months postoperatively. In this analysis, the SRK/T, Barrett Universal II, and Haigis formulas were 
optimized specifically for the study population by adding the mean RPE for each formula to the predicted spherical 
equivalent for each eye, thereby driving the mean RPE to zero. 19

Secondary endpoints included monocular BCVA, UCVA, uncorrected intermediate visual acuity (UCIVA) at 60 cm, 
and uncorrected near visual acuity (UCNVA) at 40 cm. Spherical equivalent and cylinder were also noted.

Statistical Analyses
Statistical analysis was performed using JMP Pro 15 2.1 software (SAS Inc, Cary, NC, USA). A sample size of 180 
eyes was targeted such that the power of the intergroup differences in absolute RPE for ORA and absolute RPE for 
preoperative IOL power calculation by OA-2000 exceeded 90% (paired t-test; two-sided significance level of 5%).

Data of patient characteristics were summarized using descriptive statistics. RPE, percentage of absolute RPE 
(≤0.25 D, ≤0.50 D, ≤0.75 D, ≤1.0 D) measured using ORA, and the respective IOL power calculation formulas (SRK/T, 
Barrett Universal II, and Haigis) are expressed as mean±standard deviation (SD) and percentages, respectively. 
Absolute RPE was expressed as median values. Paired t-test and Wilcoxon signed-rank test were used to compare 
the RPE and absolute RPE between the ORA and IOL power formula groups. Cochran’s Q test was used to compare the 
percentages of absolute RPE, and McNemar’s test was used to compare the percentages of absolute RPE between 
groups.

Of the 123 eyes implanted with non-toric IOLs, CASIA2 data were available for 76 eyes, which were analyzed to 
describe residual astigmatism and related factors, including axial length, ORA-measured astigmatism, and preoperative 
and postoperative values of refractive astigmatism, ACA, TCA, and lens tilt and decentration. This was followed by 
a correlation analysis using Pearson’s product-moment correlation (r) and Spearman’s rank correlation coefficient (ρ). 
A scatter plot matrix for residual astigmatism and select variables, such as ORA-measured astigmatism, preoperative 
ACA, and preoperative TCA, was also obtained.

Results
Patient Disposition, Demographics, and Baseline Characteristics
The study population included 180 eyes of 101 patients who had undergone cataract surgery and met the selection criteria 
(Figure 1). Patient demographics and preoperative baseline data are summarized in Table 1. The mean±SD age of the 69 
female (68.3%) and 32 male (31.7%) patients enrolled in the study was 67.2±8.0 years.

Overall, 123 (68.3%) eyes had indications for non-toric trifocal IOLs, whereas 57 (31.7%) eyes were considered 
suitable for toric trifocal IOLs. The mean±SD axial length of the eyes was 24.01±1.64 mm, whereas the preoperative 
spherical equivalent and cylinder were −1.43±4.12 D and −0.91±0.76 D, respectively.

Cases were selected retrospectively and consecutively from the date of approval by the Ethical Review Committee 
until a total of 180 eligible eyes was reached. Eight cases were excluded due to a postoperative BCVA <0.0 logMAR and 
one case each was excluded due to corneal opacity and a lack of follow-up data (Figure 1).

RPE and Absolute RPE
Before optimization, the mean±SD RPE using ORA was −0.06±0.30 D, which differed significantly (p<0.0001) from that 
calculated using the SRK/T (0.22±0.40 D), Barrett Universal II (0.22±0.32 D), and Haigis (−0.33±0.41 D) formulas. 
Significant differences in RPE were also noted between the SRK/T and Haigis formulas and between the Barrett 
Universal II and Haigis formulas (p<0.0001). After optimization, the mean±SD RPE using ORA was 0.00±0.30 
D compared to 0.00±0.40 D, 0.00±0.32 D, and 0.01±0.41 D using the SRK/T, Barrett Universal II, and Haigis formulas, 
respectively (Figure 2A).
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Before optimization, the median absolute RPE was 0.17 D, 0.28 D, 0.25 D, and 0.37 D in eyes measured using ORA 
and the SRK/T, Barrett Universal II, and Haigis formulas showing significant differences (ORA vs SRK/T [p<0.0001]; 
ORA vs Barrett Universal II [p=0.0039]; ORA vs Haigis [p <0.0001]) respectively. After optimization, the median 
absolute RPE was 0.19 D, 0.25 D, 0.20 D, and 0.26 D in eyes measured using ORA and the SRK/T, Barrett Universal II, 
and Haigis formulas respectively. As shown in Figure 2B, even after optimization significant differences were noted on 
comparing the median absolute RPE of ORA with the SRK/T (p=0.0002) and Haigis (p=0.0004) formulas and of the 
Barrett Universal II formula with the SRK/T (p=0.0005) and Haigis (p=0.0055) formulas.

Percentages of Absolute RPE
Before optimization, an absolute RPE of ≤0.50 D was noted in 87.8%, 73.3%, 78.9%, and 63.9% of the eyes using ORA 
and the SRK/T, Barrett Universal II, and Haigis formulas, respectively. After optimization, an absolute RPE of ≤0.50 
D was noted in 92.8%, 83.3%, 88.3%, and 81.1% of the eyes using ORA and the SRK/T, Barrett Universal II, and Haigis 
formulas, respectively (Figure 3). Percentages of absolute RPE were significantly higher with ORA than with the SRK/T 
(p=0.0093) and Haigis (p=0.0018) formulas but was not significantly different from the Barrett Universal II formula 
(p=0.2071).

Residual Astigmatism in Eyes with Non-Toric Trifocal IOLs and Associated Factors
Preoperative WTR corneal astigmatism was observed in 75.0% (57 of 76) of eyes implanted with non-toric IOLs. The 
mean±SD residual astigmatism in non-toric IOL eyes (N=76) was 0.46±0.39 D, and the centroid value±SD was 0.29 
D@0±0.53 D. The mean±SD preoperative ACA, TCA, and intraoperative ORA–measured astigmatism were 0.60±0.40 

Eyes of patients ( 20 years of age) that were 
subjected to cataract surgery between July 

2019 and December 2020 and 
implanted with trifocal non-toric/toric IOLs 

(N=190 eyes)

Excluded due to postoperative 
best corrected visual acuity >0.0 logMAR

(N=8 eyes)

Excluded due to lack of 
follow-up measurement

(N=1 eye)

Excluded due to corneal opacity
(N=1 eye)

Analysis set
(N=180 eyes)

Figure 1 Patient disposition. 
Abbreviations: IOL, intraocular lens; logMAR, logarithm of the minimum angle of resolution.
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D, 0.51±0.27 D, and 0.65±0.35 D, respectively, with a centroid value±SD of 0.41 D@88±0.60 D, 0.09 D@96±0.57 D, 
and 0.37 D@10±0.64 D, respectively (Table 2).

The mean±SD postoperative ACA (0.63±0.37 D, centroid value±SD: 0.21 D@84±0.70 D) and TCA (0.57±0.28 D, 
centroid value±SD: 0.13 D@173±0.62 D) were not significantly different compared with the preoperative values (p=0.48 
and p=0.12, respectively). Preoperatively, the mean±SD objective refractive astigmatism, subjective astigmatism, and 
irregular astigmatism (higher-order aberrations) were 0.95±0.57 D, 0.65±0.50 D, and 0.25±0.05 D, respectively. 
However, a significant decrease in objective refractive astigmatism to 0.74±0.37 D (p=0.003) and subjective residual 
astigmatism to 0.46±0.39 D (p=0.002) was observed postoperatively (Table 2).

Compared with the preoperative tilt of the crystalline lens (4.40±1.30°), the postoperative tilt of the IOL was higher 
(4.66±1.53°, p=0.088), while the decentration decreased (0.71±4.58° preoperative to 0.21±0.12° postoperative, p=0.175); 
however, these differences were not significant.

Residual astigmatism positively correlated with preoperative objective refractive astigmatism (r=0.2925, p=0.0109), 
intraoperative ORA–measured astigmatism (r=0.5555, p<0.0001), postoperative objective refractive astigmatism 
(r=0.8188, p<0.0001), and postoperative TCA (r=0.4051, p=0.0003) and negatively correlated with preoperative ACA 
(r=−0.3541, p=0.0017; Table 3; Figure 4).

Visual Acuity
Table 4 summarizes the mean±SD postoperative outcomes of the cohort. Postoperative BCVA (−0.12±0.06 logMAR) and 
UCVA (−0.04±0.10 logMAR) showed an improvement compared with preoperative values (BCVA: 0.05±0.16 logMAR; 

Table 1 Demographics and Baseline Characteristics of 
the Study Population

Parameter Value

Number of eyes (patients) 180 (101)

Age, years (mean±SD) 67.2±8.0

Sex, female/male (%) 68.3/31.7

Axial length, mm (mean±SD) 24.01±1.64

Preoperative BCVA, logMAR (mean±SD) 0.05±0.16

Preoperative UCVA, logMAR (mean±SD) 0.70±0.49

Preoperative MRSE, D (mean±SD) −1.43±4.12

Preoperative cylinder, D (mean±SD) −0.91±0.76

IOL type (number of eyes)

TFNT00 (n) 123

TFNT30 (n) 29

TFNT04 (n) 20

TFNT05 (n) 3

TFNT06 (n) 5

Note: TFNT00 refers to a non-toric trifocal IOL, whereas TFNT30, 
TFNT04, TFNT05, and TFNT06 refer to toric trifocal IOLs. 
Abbreviations: BCVA, best-corrected visual acuity; D, diopter; IOL, 
intraocular lens; logMAR, logarithm of the minimum angle of resolution; 
MRSE, manifest refractive spherical equivalent; SD, standard deviation; 
UCVA, uncorrected visual acuity.

https://doi.org/10.2147/OPTH.S371555                                                                                                                                                                                                                               

DovePress                                                                                                                                                                 

Clinical Ophthalmology 2022:16 2496

Watanabe                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


UCVA: 0.70±0.49 logMAR). All eyes achieved a postoperative BCVA that was equivalent or improved compared with 
the preoperative status. Postoperatively, UCIVA was 0.02±0.09 logMAR and UCNVA was 0.03±0.08 logMAR.

Discussion
Real-world data comparing the accuracy of refractive prediction determined using ORA with that using IOL power 
calculation formulas in eyes implanted with trifocal IOL along with quantification of residual astigmatism and its 
correlating factors have not been adequately explored; hence, this retrospective, observational study was conducted. In 
this study, the ability of ORA to predict the refractive accuracy of IOLs was superior to that of the SRK/T and Haigis 
formulas, and postoperative residual astigmatism was shown to correlate positively with multiple parameters and 
negatively with preoperative ACA.
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Figure 2 (A) Refractive prediction error and (B) absolute refractive prediction error. 
Notes: Figure 2A shows mean refractive prediction error expressed in diopters. Figure 2B shows median absolute refractive prediction error. *p<0.05 was considered 
significant. 
Abbreviations: ORA, Optiwave Refractive Analysis; SRK/T, Sanders–Retzlaff–Kraft/Theoretical formula.
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It has been previously reported that among power calculation formulas, the Barrett Universal II formula performed 
the best for TFNT IOLs in the overall study population, except for eyes with a short axial length, particularly when they 
had higher astigmatism, wider white-to-white corneal diameter, and shorter axial length.20 Another study reported that 
RPE tended to be within ±0.25 D for most eyes analyzed using the Haigis formula and within ±0.50 D for all eyes 
analyzed using the Barrett Universal II formula among eyes with an axial length between 22.0 mm and 24.5 mm.21

In this study, we estimated the preoperative RPE for 180 eyes using three well-known IOL power formulas, including the 
third-generation SRK/T formula and the fourth-generation Barrett Universal II and Haigis formulas, and compared them with 
the intraoperative prediction of ORA to determine the most suitable method for IOL power selection in eyes with TFNT 
lenses.22 Although the accuracy of the IOL power formulas improved with optimization, the accuracy of refractive prediction 
for TFNT IOLs was the highest with ORA compared with that calculated using the SRK/T, Barrett Universal II, and Haigis 
formulas even after optimization of the IOL power formulas. This is congruent to the findings of Blaylock et al, wherein 
83.9% and 95.6% of ORA-measured eyes had an absolute predicted error as low as 0.25 D and 0.50 D, respectively, and 
residual astigmatism of 0.25 D and 0.50 D was detected in 90.5% and 97.8% of 137 eyes, respectively, outperforming the 
back calculations derived using preoperative planned power.4 ORA allows real-time power calculation during the aphakic 
measurement phase, as well as cylinder power and axis positioning for toric IOLs during the pseudophakic phase.15

The outcome of refractive and cataract surgeries depends upon insight into the distribution of different astigmatic 
components, their relationship, and the counteractive or superimposed effect between ACA and ocular residual astig-
matism based on the type of astigmatism, ie, ATR or WTR.23,24 Interestingly, a negative correlation between residual 
astigmatism and preoperative ACA was observed in this study, congruent to the findings of Lin J who found that ACA 
was offset by ocular residual astigmatism in 84.8% (140) of eyes.24 This can be due to the greater appearance of the 
posterior cornea’s ATR astigmatic component in cases of low WTR astigmatism of the anterior cornea as a consequence 
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https://doi.org/10.2147/OPTH.S371555                                                                                                                                                                                                                               

DovePress                                                                                                                                                                 

Clinical Ophthalmology 2022:16 2498

Watanabe                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


of steep meridian incision from the superior side.25 Steep meridian incision on the anterior corneal surface can induce 
off-steep meridian changes, leading to a torsional effect on TCA.26

Changes in the posterior corneal surface have been shown to correlate with residual astigmatism as the posterior 
corneal surface usually possesses an ATR astigmatism with a mean of 0.37 D.27–29 Furthermore, relying solely on ACA 
may overestimate true postoperative refractive astigmatism in WTR and underestimate it in ATR, leading to cylindrical 
inaccuracy after cataract surgery.8,11 In the present study, residual astigmatism positively correlated with postoperative 
TCA and not with postoperative ACA. This is consistent with previous reports, suggesting that the posterior corneal 
surface contributes to residual astigmatism.8,11,12

Despite indications for non-toric IOLs during preoperative planning, cases with postoperative residual astigmatism 
≥0.75 D were identified. Apart from the anterior corneal surface effect, residual astigmatism can be influenced by several 

Table 2 Residual Astigmatism and Individual Components of Astigmatism in 
Eyes with Non-Toric Trifocal IOLs (n=76)

Type of Astigmatism Mean±SD Centroid value±SD p-value

ORA-measured astigmatism (D) 0.65±0.35 0.37 D@10±0.64 -

Subjective astigmatisma (D)

Preoperative 0.65±0.50 0.34 D@2±0.75 0.002*

Postoperative 0.46±0.39 0.29 D@0±0.53

Objective refractive astigmatism (D)

Preoperative 0.95±0.57 0.45 D@5±1.02 0.003*

Postoperative 0.74±0.37 0.43 D@0±0.72

ACA (D)

Preoperative 0.60±0.40 0.41 D@88±0.60 0.48

Postoperative 0.63±0.37 0.21 D@84±0.70

TCA (D)

Preoperative 0.51±0.27 0.09 D@96±0.57 0.12

Postoperative 0.57±0.28 0.13 D@173±0.62

Irregular astigmatismb (D)

Preoperative 0.25±0.05 - 0.054

Postoperative 0.24±0.07 -

Tilt (°)

Preoperative 4.40±1.30 - 0.088

Postoperative 4.66±1.53 -

Decentration (°)

Preoperative 0.71±4.58 - 0.175

Postoperative 0.21±0.12 -

Notes: aSubjective astigmatism refers to residual astigmatism. bIrregular astigmatism refers to higher- 
order aberrations. *p<0.05 was considered statistically significant. The table presents preoperative 
measurements of the crystalline lens and postoperative measurements of the trifocal IOL. Degree is 
represented by the ° symbol. 
Abbreviations: ACA, anterior corneal astigmatism; D, diopter; IOL, intraocular lens; ORA, 
Optiwave Refractive Analysis; SD, standard deviation; TCA, total corneal astigmatism.
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factors, such as posterior corneal surface effect, IOL tilt or decentration, and refractive changes in the anterior and 
posterior corneal surfaces from cataract incisions.30 In the present study, ORA-measured astigmatism showed 
a significant positive correlation with residual astigmatism, although preoperative ACA and preoperative TCA did not. 
This lack of significance between preoperative TCA and residual astigmatism could be attributed to refractive changes in 
the anterior and posterior corneal surfaces from cataract incisions.30,31 However, the ORA device confers surgeons the 
added advantage of measuring intraoperative aphakic astigmatism following changes in corneal shape due to corneal 
incisions, irrespective of lenticular astigmatism.4,32 Therefore, the accurate measurement of total refractive astigmatism 
in the eye plays an important role in predicting residual astigmatism. In addition to the correlation, centroid values of 
ORA-measured astigmatism and postoperative residual astigmatism were similar and contrasted with those of preopera-
tive and postoperative ACA and preoperative TCA in this study. These findings suggest that while deliberating between 
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Figure 4 Scatter plot showing correlation of residual astigmatism with (A) ORA-measured astigmatism, (B) preoperative ACA, and (C) preoperative TCA in eyes with non- 
toric trifocal IOLs. 
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Table 3 Correlation Coefficients for Residual Astigmatism and Individual Astigmatic Components in Eyes with 
Non-Toric Trifocal IOLs (n=76)

Parameter Pearson’s Product-Moment 
Correlation

Spearman’s Rank 
Correlation

Coefficient (r) p-value Coefficient (ρ) p-value

Preoperative objective refractive astigmatism 0.2925 0.0109* 0.2514 0.0296*

Preoperative ACA −0.3541 0.0017* −0.3835 0.0006*

Preoperative TCA 0.136 0.2416 0.2039 0.0772

Lens tilt −0.0042 0.9723 0.0316 0.7934

Axial length of the eye −0.0637 0.5847 −0.0831 0.4753

ORA-measured astigmatism 0.5555 <0.0001* 0.573 <0.0001*

Postoperative objective refractive astigmatism 0.8188 <0.0001* 0.8205 <0.0001*

Postoperative ACA 0.0180 0.8775 0.0368 0.7526

Postoperative TCA 0.4051 0.0003* 0.434 <0.0001*

IOL tilt 0.1534 0.1858 0.1933 0.0944

Note: *p<0.05 was considered statistically significant. 
Abbreviations: ACA, anterior corneal astigmatism; IOL, intraocular lens; ORA, Optiwave Refractive Analysis; TCA, total corneal astigmatism.
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the need for toric or non-toric lenses, toric lenses may be considered in eyes depending on the results of intraoperative 
measurements by ORA to reduce postoperative residual astigmatism. Some studies have estimated residual astigmatism 
using ORA versus preoperative planning using keratometry. Woodcock et al reported that compared with preoperative 
planning with preoperative biometry measurements, intraoperative aberrometry improved the postoperative astigmatism 
of eyes to ≤0.50 D (76.6% versus 89.2%, respectively) and reduced the mean postoperative refractive astigmatism (0.36 
±0.35 D versus 0.29±0.28 D, respectively) in one month.15 Blaylock et al reported that the proportion of eyes with 
postoperative refractive astigmatism ≤0.50 D and mean postoperative refractive astigmatism in TFNT was significantly 
lower using ORA (97.8%, mean±SD: 0.07 D±0.19 D) versus the back calculation with preoperative biometry measure-
ments (80.3%, 0.31±0.33 D).4 Spekreijse et al have described double-angle vector plots, which show that astigmatism 
difference (SIA) between postoperative manifest refraction and intraoperative ORA was not significant (centroid: 
0.06@115°±0.59), while showing a considerable difference between postoperative manifest refraction and preoperative 
keratometric astigmatism (centroid: 0.63@14°±0.50).32

To our knowledge, this is the first study to assess residual astigmatism in non-toric trifocal IOL eyes arising from 
different ocular components using an ORA system, in addition to comparing the accuracy of refractive prediction 
determined using ORA with established IOL power formulas. However, this single-center study design being applicable 
only in eyes with non-toric IOLs limits the generalizability of the results. The open-label, uncontrolled, retrospective 
aspects of this study do not rule out potential bias. Furthermore, the nonhomogeneity resulting from the analysis of 
a single eye in some patients and both eyes in other patients as well as the lack of a correlation analysis between both eye 
samples may also have impacted the strength of the study outcomes. Future studies can consider using an intra-class 
coefficient so that the correlation between both eyes of the same patient, if any, can be adjusted for in the analysis.

Conclusion
ORA is useful for improving postoperative refractive accuracy by providing real-time intraoperative guidance to 
surgeons and may help in determining the need for trifocal toric lens use in astigmatic eyes with cataracts. Residual 
astigmatism positively correlated with preoperative astigmatism, intraoperative ORA–measured astigmatism, postopera-
tive astigmatism, and postoperative TCA and negatively correlated with preoperative ACA volume in eyes with non-toric 
trifocal IOLs. Desirable refractive outcomes and improved visual acuity were observed in patients postoperatively.

Abbreviations
ACA, anterior corneal astigmatism; ATR, against-the-rule; BCVA, best-corrected visual acuity; D, diopter; IOL, 
intraocular lens; logMAR, logarithm of the minimum angle of resolution; ORA, Optiwave Refractive Analysis; PCA, 
posterior corneal astigmatism; RPE, refractive prediction error; SD, standard deviation; SIA, surgically induced 

Table 4 Postoperative Outcomes

Postoperative Parameters Total (Mean±SD) Non-Toric Toric

BCVA (logMAR) –0.12±0.06 –0.12±0.06 –0.11±0.07

UCVA (logMAR) –0.04±0.10 –0.04±0.10 –0.04±0.09

UCIVA (logMAR) 0.02±0.09 0.02±0.09 0.02±0.09

UCNVA (logMAR) 0.03±0.08 0.03±0.09 0.02±0.08

MRSE (D) –0.14±0.27 –0.15±0.27 –0.14±0.27

Cylinder (D) –0.36±0.36 –0.38±0.39 –0.35±0.35

Note: The mean values presented in the table are of one eye from each patient included in the study. 
Abbreviations: BCVA, best-corrected visual acuity; D, diopter; logMAR, logarithm of the minimum angle of 
resolution; MRSE, manifest refractive spherical equivalent; SD, standard deviation; UCIVA, uncorrected intermediate 
visual acuity; UCNVA, uncorrected near visual acuity; UCVA, uncorrected visual acuity.
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astigmatism; SRK/T, Sanders–Retzlaff–Kraft/Theoretical; TCA, total corneal astigmatism; UCIVA, uncorrected inter-
mediate visual acuity; UCNVA, uncorrected near visual acuity; UCVA, uncorrected visual acuity; WTR, with-the-rule.
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