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Prediction of residual astigmatism 
in cataract surgery at different 
diameter zones using optical 
biometry measurement
Yin‑Hsi Chang1,3, Christy Pu2, Ken‑Kuo Lin1,3, Jiahn‑Shing Lee1,3 & Chiun‑Ho Hou1,2,3,4*

The studies for astigmatism prediction error at different diameters using optical biometry are scant. 
We investigated patients who underwent cataract surgery with monofocal, nontoric intraocular 
lens (IOL) from 2017 through 2019 in a medical center. Patients with prior refractive surgeries, 
corneal opacity, or surgical complications were excluded. Corneal astigmatism (CA) was measured 
using AL-Scan at 2.4- and 3.3-mm diameter zones and calculated using the Barrett toric calculator 
preoperatively and postoperatively. The mean absolute error and centroid prediction error for the two 
zones were computed using double-angle plots. In total, 101 eyes of 76 patients were analyzed. Mean 
patient age was 68.7 ± 9.3 years and mean preoperative CA power was 0.7 ± 0.5 D. The overall centroid 
prediction error a 3.3 mm (0.09 ± 0.58 D@25) was significantly lower than that at 2.4 mm (0.09 ± 0.68 
D@87) on the X-axis (P = 0.003). The 3.3-mm measurement also had a lower centroid prediction error 
than the 2.4-mm did for eyes with against-the-rule (ATR) and oblique astigmatism (P = 0.024; 0.002 on 
X-axis, respectively). The 3.3-mm measurement provided a more accurate CA estimation than the 2.4-
mm did, particularly for ATR astigmatism. Diameter zone and astigmatism type should be considered 
crucial to precise astigmatism calculation.

Cataract surgery has been developed into a refractive surgery that corrects both spherical and astigmatic errors1. 
The use of premium intraocular lenses (IOLs), such as toric IOLs, has gained popularity for minimizing refrac-
tive error over the past years2,3. The mean preexisting corneal astigmatism (CA) was 1.06 D in a large cross-
sectional study, in which 20% of cataract-operated eyes had CA of at least 1.5 D4. Residual astigmatism after 
cataract surgery was a common refractive error observed in a significant proportion of patients5. The amount of 
residual astigmatism could be significantly reduced to 0.17–0.77 D with toric IOL implantation under appropriate 
calculation3. Therefore, accurate measurement and preexisting CA calculation are essential for surgical planning 
to achieve the desired refractive outcome6.

Over the past decades, various devices and calculators have been applied for optimal CA predictive outcome. 
For posterior corneal astigmatism (PCA), the Barrett toric calculator has achieved precise results and is widely 
recognized as a useful calculation method7–10. Studies have compared the keratometrics (K) of different measur-
ing devices combined with the Barrett toric calculator, and the predictive accuracy was found to vary between 
devices11,12. Each device utilizes a different methodology, with differences in the operating principle, wavelength 
for machinery design, and diameter zones for measurement. Based on the literature, determining whether 
machinery design or diameter zone contributes to the predictive accuracy is challenging. Previous studies have 
only compared the agreement and repeatability of devices13–18.

Measuring diameter zones for the cornea vary between devices. For instance, Auto Kerato-Refractometer 
(Topcon Co., Ltd.) takes K measurements at a diameter zone of approximately 3.3 mm; IOLMaster (Carl Zeiss 
Meditec AG) measures at a 2.5-mm diameter zone based on six reference points in a hexagonal pattern19; Lenstar 
(Haag-Streit AG) has 32 measurement points on two concentric rings with diameters of 1.65 and 2.3 mm20,21; 
AL-Scan (Nidek, Co., Ltd.) provides two sets of K measurements at 2.4- and 3.3-mm diameter zones22; and Pen-
tacam (Oculus Optikgeräte GmbH) measures at 3 mm and adjusts the recorded zones from 1 to 8 mm with a 
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rotating Scheimpflug camera23. The diameter zone may also play a role in the accuracy of CA measurement and 
prediction. If the same instrument such as Pentacam or AL-Scan measures two or more optical zones, the vari-
ation resulting from instrument design could be eliminated. The diameter zone becomes the only determining 
factor. A previous study in patients receiving refractive surgery using Pentacam showed that the cylinder power 
varied between zones24. However, no study has compared optical biometry in cataract surgery.

The present study aimed to evaluate and compare the CA prediction error at different diameter zones with 
measurement conducted using an optical biometry AL-Scan. AL-Scan employs a 970-nm light-emitting diode 
(LED) for keratometry by projecting (360°) double-mire rings at diameters of 2.4 and 3.3 mm; these two sets of 
K measurements are obtained simultaneously. To the best of our knowledge, this is the first study to evaluate the 
role of measurement zones with optical biometry in patients receiving cataract surgery.

Methods
Patients.  This study retrospectively reviewed the medical records of patients who underwent cataract sur-
gery with monofocal, nontoric IOL implantation performed by a single surgeon (C.H.H.) at Chang Gung Memo-
rial Hospital, Taipei, from December 2017 through December 2019. Patients with complete pre- and postopera-
tive AL-Scan measurements were enrolled. A minimum of 1-month postoperative follow-up with postoperative 
best corrected visual acuity (BCVA) of 20/30 or higher was required. Patients with BCVA < 20/30 were excluded 
because these data may not reflect accurate readings of subjective astigmatism. Patients with intraoperative 
or postoperative complications resulting in IOL decentration or malposition, such as posterior capsular tear, 
residual cortex or epi-nucleus, zonular dialysis, and severe capsular fibrosis, were excluded25. Other exclusion 
criteria were corneal opacity, history of other refractive or intraocular surgeries that may contribute to astigma-
tism, and variability or instability in K readings. The study was performed in accordance with the tenets of the 
Declaration of Helsinki and was approved by the Institutional Review Board of Chang Gung Memorial Hospital 
(no. 202000192B0C601), which waived the requirement of written informed consent.

Surgical procedure.  All cataract surgeries were performed via a 2.65-mm superotemporal or superonasal 
clear corneal incision (at 145°). After routine cataract extraction by phacoemulsification and cortex removal, a 
monofocal, nontoric, acrylic, foldable IOL was inserted in the capsular bag using an injector. The clear corneal 
wound was sealed by stromal hydration with an irrigation cannula.

Measuring device.  Nidek AL-Scan (Nidek Co., Ltd.) is a partial coherence interferometry-based optical 
biometer that measures the axial length by using an 830-nm infrared laser diode15. It also uses a 970-nm light-
emitting diode for K measurements by projecting (360°) double mire rings at diameters of 2.4 mm and 3.3 mm, 
which are reflected from the corneal surface. It provides these two sets of K measurements simultaneously. 
All K values, representing the curvature of the steep and flat meridians, are presented in diopters (D). Other 
parameters including the anterior chamber depth, central corneal thickness, white-to-white distance, and pupil 
distance can also be obtained using AL-Scan. In addition, corneal irregularity was analyzed using Pentacam 
(Oculus Optikgeräte GmbH). Pentacam is a rotating Scheimpflug camera for anterior segment analysis. It meas-
ures topography and corneal power based on multiple cross-sectional images along the optical axis23.

Method of calculation.  The online Barrett toric calculator v2.0 (https://​www.​apacrs.​org/) was used with 
both 2.4- and 3.3-mm K readings from AL-Scan to estimate the total CA regarding the predicted PCA. The mean 
difference between the preoperative and postoperative CA, namely the surgically induced astigmatism (SIA), 
was calculated and applied in preoperative CA estimation. Moreover, postoperative corneal measurement was 
used for CA prediction, and these K readings were obtained postoperatively after the corneal incision was made. 
In this case, SIA data were not considered in calculations. To precisely calculate CA, patients with nontoric IOL 
implantation were included. Lenticular astigmatism was eliminated in such patients, and the cornea almost 
became the only optical component in the eye contributing to astigmatism26. The refractive astigmatism was 
assumed to represent the total CA in these eyes postoperatively.

Accuracy determination.  Double-angle plots were used to display the magnitude and axis or meridian 
of the average astigmatism (https://​ascrs.​org/​tools/​astig​matism-​double-​angle-​plot-​tool)27. We selected double-
angle plots instead of the Alpins method because both methods share the same concept of double-angle vector 
diagrams, and double-angle plots have been adopted extensively in recent years, as the gold standard method for 
astigmatism analysis for intraocular lens-based surgery27. This tool could also be used to calculate the refractive 
astigmatism prediction errors, centroid values, standard deviations (SDs), and 95% confidence ellipses of the 
dataset and of the centroid, which is the vectoral center of the data. This method considers both astigmatism 
magnitude and axis, whereas the mean value only reflects the magnitude. Therefore, the centroid prediction 
error is preferred over the mean absolute error for astigmatic outcomes in cataract surgery28. The corneal plane 
was used to represent refractive astigmatism. For left eyes, the angle of the axis of astigmatism was converted 
using the formula suggested by Kawahara et al. (transformed angle = 180 − angle)29. Vector analysis was used to 
compared astigmatism values between the orthogonal X and Y components according to the method by Hol-
laday et al.30. The mean of a set of X or Y values was calculated independently. In addition, astigmatism types 
were classified according to the steep meridian orientation as with-the-rule (WTR), against-the-rule (ATR), and 
oblique, as measured by AL-Scan (60°–120° for WTR astigmatism, 0°–30° or 150°–180° for ATR astigmatism, 
30°–60° or 120°–150° for oblique astigmatism). The mean absolute error and centroid errors were also calculated 
for each subgroup.

https://www.apacrs.org/
https://ascrs.org/tools/astigmatism-double-angle-plot-tool
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Statistical analysis.  Statistical analyses were conducted using Stata software, v15 (StataCorp LLC, College 
Station, Texas, USA). Paired t tests were performed to compare the measurements of two diameter zones in the 
same patient. Multiple linear regression analysis was used to explore the possible factors influencing prediction 
error, such as age, sex, axial length, astigmatism type, and corneal irregularity. All values were expressed as 
mean ± SD. A p value of < 0.05 was considered statistically significant.

Results.  A total of 141 cataract surgeries with nontoric IOL implantation with completed measurement 
protocol were performed uneventfully by C.H.H. at Chang Gung Memorial Hospital, Taipei, during the study 
period. In total, 38 eyes did not achieve a postoperative BCVA of 20/30 because of macular edema, underlying 
retinopathy, or corneal opacity. Two eyes with a history of laser in-situ keratomileusis were excluded. Finally, 
101 eyes of 76 patients were included in the study. Patient baseline characteristics are shown in Table 1. Approxi-
mately 99% of the patients were aged > 50 years. The majority of the patients had astigmatism of < 2.0 D based 
on AL-Scan measurements at both optical zones. Approximately 56.4% had WTR astigmatism. The platforms 
for IOL implantation included Tecnis, NIDEK, and enVista. Table 2 shows the preoperative and postoperative 
CA magnitudes measured with 2.4- and 3.3-mm diameter zones, respectively. The mean absolute CA was not 
significantly different between the two diameter zones preoperatively (P = 0.3071). The astigmatism prediction 
error decreased when using postoperative keratometry compared with that when using preoperative measure-
ment considering SIA data (2.4 mm X-axis: P = 0.001; 2.4 mm Y-axis: P = 0.016; 3.3-mm X-axis: P = 0.003; 3.3-
mm Y-axis: P = 0.012) (Fig. 1). The mean absolute prediction error between these two zones was nonsignificant 
(P = 0.799). The centroid prediction error was 0.09 ± 0.68 D @87 and 0.09 ± 0.58D @25 at optical diameters of 
2.4 and 3.3 mm, respectively. Vector analysis of the X component revealed that the centroid prediction error was 
significantly lower at an optical diameter of 3.3 mm (0.058 ± 0.511 D) than for 2.4 mm (− 0.092 ± 0.489 D; X-axis: 
P = 0.003; Table 3). Additionally, a significantly lower centroid prediction error at an optical diameter of 3.3 mm 
than for 2.4 mm was also observed in the ATR (X-axis: P = 0.024) and oblique (X-axis: P = 0.002) subgroups. The 
centroid prediction error was significantly lower at an optical diameter of 2.4 mm (0.07 ± 0.42 D@8) compared 
with that at 3.3 mm (0.12 ± 0.45 D@19) in the WTR subgroup (Y-axis: P = 0.031; Table 3). Double-angle plots 
revealed the spatial distribution of the postoperative astigmatic prediction errors (Fig. 2). In the exploration 
of possible factors affecting prediction errors, age, sex, AL, IOL power, preoperative astigmatism, and corneal 
irregularity did not cause significant differences in the univariate and multivariate linear regression analyses 
(Supplement 1).

Table 1.   Patient’s baseline characteristics. ATR​ against-the-rule, D diopters, IOL intraocular lens, OD right eye, 
OS left eye, WTR​ with-the-rule.

Parameter Total

Patient number 101

Age (mean) 68.7 ± 9.3 (47–89)

Gender (male:female) 53 (52.5%):48 (47.5%)

Laterality (OD:OS) 56 (55.4%):45 (44.6%)

Axial length (mm) 24.7 ± 2.0 (21.86–30.25)

IOL power (D) 18.1 ± 5.2 (6–27.5)

Pre-operative cylinder power (D) 0.7 ± 0.5 (0.06–2.03)

Astigmatism type (WTR:ATR:oblique) 47 (46.5%):33 (32.7%): 21(20.8%)

Table 2.   Pre-operative and post-operative corneal power measured with AL scan at 2 diameter zones. 
CA corneal astigmatism, D diopters, K keratometry, No. number, Pre-OP pre-operative, Post-OP post-operative.

Parameter

Pre-OP Post-OP

2.4-mm 3.3-mm p value 2.4-mm 3.3-mm p value

Average K (D) 43.92 ± 0.35 43.88 ± 0.35  0.002 44.05 ± 0.4 43.97 ± 0.37  < 0.001

Flattest K (D) 43.57 ± 1.5 43.54 ± 1.49  0.075 43.65 ± 1.49 43.6 ± 1.49  0.07

Steepest K (D) 44.27 ± 1.6 44.23 ± 1.6  0.023 44.45 ± 1.61 44.35 ± 1.57  0.01

Mean absolute CA (D) 0.70 ± 0.43 0.69 ± 0.44  0.3071 0.80 ± 0.51 0.75 ± 0.47  0.258

N of patients

 ≤ 0.50 D 42 43 33 37

 ≤ 1.00 D 76 79 74 75

 ≤ 1.50 D 93 95 90 92

 ≤ 2.00 D 101 100 99 99
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Discussion.  For astigmatism prediction in cataract surgery, the centroid error includes both the magnitude 
and axis for analysis, which is preferred over the mean absolute error28. In our study, the difference between the 
2.4- and 3.3-mm diameter zones was nonsignificant when the mean absolute prediction error was used, but it 
was significant when the centroid prediction error was used. We believe that the difference was due to the com-
bination of astigmatism magnitude and axis. In summary, the 3.3-mm diameter zone measurement in optical 
biometry produced a more accurate estimation of astigmatism than for 2.4-mm, particularly for ATR astigma-
tism, regardless of age, sex, axial length, IOL power, preoperative astigmatism, and corneal irregularity. Moreo-
ver, postoperative K provided better accuracy for prediction error than the preoperative K considering SIA. To 
the best of our knowledge, this is the first study to evaluate the effect of measurements with different diameter 
zones using the same optical biometry instrument on the prediction of astigmatism after cataract surgery.

Figure 1.   Distribution of astigmatism prediction error. Using postoperative keratometrics for calculation 
reduces prediction error compared with using preoperative keratometrics considering surgically induced 
astigmatism. More than 90% of the patients have a prediction error of < 1.0 D with postoperative keratometrics. 
This trend is observed in both the 2.4- and 3.3-mm groups. D diopter, pre-op preoperative, post-op 
postoperative.

Table 3.   Comparison of post-operative residual astigmatism prediction error at 2 diameter zones and 
subgroup analyses.

Parameter(D) 2.4 mm 3.3 mm P value

Total (n = 101)

Mean ± SD 0.51 ± 0.46 0.46 ± 0.36 p = 0.799

Centroid ± SD 0.09 ± 0.68 @87 0.09 ± 0.58 @25 p = 0.003*(x-axis); 0.123 (y-axis)

WTR (n = 47)

Mean ± SD 0.34 ± 0.24 0.38 ± 0.26 p = 0.250

Centroid ± SD 0.07 ± 0.42 @ 8 0.12 ± 0.45 @ 19 p = 0.485 (x-axis); 0.031* (y-axis)

ATR (n = 33)

Mean ± SD 0.62 ± 0.50 0.53 ± 0.48 p = 0.413

Centroid ± SD 0.32 ± 0.74 @88 0.07 ± 0.72 @ 52 p = 0.024* (x-axis); 0.479(y-axis)

Oblique (n = 21)

Mean ± SD 0.70 ± 0.65 0.52 ± 0.32 p = 0.934

Centroid ± SD 0.09 ± 0.96 @101 0.09 ± 0.61 @15 p = 0.002* (x-axis); 0.573(y-axis)
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Several studies have compared the prediction errors of different measuring machines and diameter zones. 
Although the results were conflicting, some studies have suggested that measurements at paracentral zones close 
to 3.3 mm were more accurate than those at smaller diameter zones. The paracentral 4-mm zone measurement 
with Pentacam was more accurate than the central 2.5-mm zone measurement with IOLMaster in a study by 
Park et al.8 Another article showed more precise results at the 3.3-mm zone with AutoKM with a centroid error 
of 0.21 ± 0.45 D@45.9 compared with 0.24 ± 0.37 D@68.7 at the 2.5-mm zone mm with IOLMaster and 0.49 ± 0.85 
D@73.0 within the central 2.0 mm with Galilei7. On the other hand, some articles have demonstrated the central 
zone to be more accurate than the paracentral zone, even though the measuring machine was different. For 
example, the centroid error was lower within the 1.65- and 2.3-mm measurement zones with Lenstar than at 
the 2.5-mm zone with IOLMaster11,12. Lenstar also exhibited lower centroid error than Cassini at 2.0, 3.0, and 
4.0 mm and Pentacam at 4 mm9. The centroid errors were 0.07 ± 0.28 D@160, 0.10 ± 0.44 D@156, and 0.23 ± 0.56 
D@158 for Lenstar, Cassini, and Pentacam, respectively. However, these studies have compared distinct measur-
ing devices including biometry and topography, and the device used for measuring at smaller diameter zones was 
Lenstar. The difference may be attributed to not only the optical zones but also the diverse machinery design as 
well as variable calculation with or without Barrett toric calculation. Due to the inconsistency in previous results 
and diversity in study design, the optimal diameter zone for measurement was not conclusive.

Figure 2.   Double-angle plots of the astigmatism prediction error by diameter zone and astigmatism subgroup. 
The red and blue lines represent the 95% confidence ellipses of the centroid and dataset, respectively. These two 
95% confidence ellipses are apparently smallest in the WTR subgroup. WTR​ with-the-rule, ATR​ against-the-
rule.
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We utilized AL-Scan in our analysis because it provided K measurements at different diameter zones with 
the same device, eliminating the influence of machinery design. Our results were consistent with those of previ-
ous studies: the 2.4-mm diameter zone showed a steeper KM than the 3.3-mm diameter zone among cataract 
patients14,15,17,31. The KM difference between the 2.4- and 3.3-mm zone with AL-Scan was 0.01–0.05 D in those 
studies, whereas that in our patients was 0.04 D preoperatively and 0.08 D postoperatively. The corneal curvature 
was steeper in the center and flatter in the periphery, giving a prolate shape; therefore, it was reasonable that the 
corneal power differed between optical zones32.

Pentacam is another device for measuring CA at different zones concurrently24,33. Dong et al. used total 
corneal refractive power (TCRP) on Pentacam to compare CA at 3- and 4-mm zones in cataract patients 
preoperatively33. The centroid error was 0.82 ± 2.13 D@2 and 0.67 ± 2.07 D@178, respectively, suggesting that 
corneal power and astigmatism data differed based on diameter zones. However, this study did not provide 
prediction accuracy for these diameter zones. Another Pentacam study indicated a trend of increasing CA from 
the central cornea to the peripheral cornea but did not provide a comparison of measured corneal astigmatism 
with subjective refraction for determining prediction errors24. Also, the study subjects were young adult candi-
dates for corneal refractive surgery aged 26.3 ± 6.6 years. They had low to moderate astigmatism ranging from 
0 to 3.7 D, which was different from all other residual astigmatism studies enrolling older patients undergoing 
cataract surgery, and the lenticular astigmatism was not eliminated. Our study showed both preoperative CA 
and postoperative centroid prediction error in the presence of IOL, which was more accurate in analyzing CA.

In the subgroup analysis of astigmatism types, centroid prediction error was smaller at 3.3 mm compared 
with that at 2.4 mm in both ATR and oblique astigmatism eyes. By contrast, the centroid prediction error was 
smaller at 2.4 mm compared with that at 3.3 mm in eyes with WTR astigmatism. Two studies comparing the 
prediction error at different diameter zones among astigmatism types have used Pentacam TCRP as the para-
central 4-mm measurement. Park et al. recorded measurements at 2.5 mm with IOLMaster, whereas Ribeiro 
et al. applied the 1.65- and 2.3-mm zones with Lenstar for the central zone measurement8,9. Park et al. demon-
strated that the centroid error at the paracentral zone (0.29 ± 0.84 D@50) was smaller than that at the central 
zone (0.43 ± 0.87 D@3) in ATR eyes, and the present results were in agreement with these findings8. By contrast, 
Ribeiro et al. provided opposite findings related to ATR eyes; the paracentral zone produced a larger centroid 
error (0.27 ± 0.48 D@179) than did the central zone (0.01 ± 0.25 D@167)9. However, WTR eyes had a smaller 
centroid error (0.09 ± 0.32 D@155) at the centroid zone compared with that at the paracentral zone (0.39 ± 0.61 
D@177), as demonstrated in our study9. Therefore, the type of astigmatism could influence prediction accuracy 
and should be considered during analyses. Moreover, these two studies analyzed cataract patients with toric IOL 
implantation, and the conversion of lenticular astigmatism with different effective lens position to the corneal 
plane could be another influencing factor. Additionally, neither of the studies included an oblique astigmatism 
subgroup, so no comparison could be made. More studies with all astigmatism types would be needed to explain 
these findings in the future.

Clinically, the ophthalmologists chose either 2.4- or 3.3-mm K on AL-Scan based on their own preference to 
calculate IOL power and astigmatism. Our results provided a reference in which the optical zone was more accu-
rate. This can be helpful when using optical biometry AL-Scan for preoperative planning in cataract refractive 
surgery. However, the difference was small and may not be perceivable by patients. According to the literature, 
the sensitivity threshold for astigmatism is approximately 0.20 to 0.30 D34, and a change of 0.25 D is measurable 
in clinical settings following cataract surgery35. Another study that used visual stimulation reported that the 
cutoff point for perceptible cylindrical errors was approximately 0.15 D36. In our study, when the total number 
of eyes was included, the centroid prediction error was < 0.15 D at diameters of 2.4 and 3.3 mm. However, in our 
subgroup analysis of astigmatism type, the differences between diameters of 2.4 and 3.3 mm were greater in the 
ATR group (0.32 vs 0.07 D) than in the other groups. These results indicated that the difference in cylindrical 
error might be more noticeable by patients with ATR astigmatism. We hope this finding can be incorporated 
into machinery design and as a reference for IOL formula assessments.

Our study had some limitations. First, it was a retrospective single-center study. Selection bias is possible 
due to the retrospective nature of the study, but it was minimized through consecutive sampling. Second, many 
factors affect the accuracy of refractive astigmatism measurement. For example, the corneal curvature could 
change with accommodation. To counter this, each measurement was taken under the same setting26. Tear film 
instability may cause variation in astigmatism magnitude and axis. Therefore, lubricants were added at least 
2 weeks prior to the measurement if the patient had dry eyes. Third, tilting or decentration of the implanted 
IOL may contribute to the astigmatism. Even in uneventful cataract surgery, the mean IOL tilt was 1.54° and the 
decentration was 0.21 mm37. However, the differences contributing to astigmatism were thought to be minor. 
Fourth, underestimation or overestimation of SIA can also lead to prediction errors. Therefore, we used postop-
erative K values to eliminate SIA effects. In studies using preoperative corneal astigmatism combined with SIA 
for prediction error calculation, the follow-up period must be 2 to 6 months after surgery, when corneal power 
has become stable38,39. Finally, only patients with low astigmatism were studied, and caution should be exercised 
in drawing inferences to patients with high astigmatism.

The accuracy of residual astigmatism prediction may be influenced by different measuring methods and 
diameter zones. For diameter zones, using AL-Scan, we obtained smaller centroid prediction errors in 3.3-mm 
K readings than in 2.4-mm readings, particularly in eyes with ATR astigmatism. As advanced refractive cata-
ract surgery becomes increasingly widespread, the measuring diameter zone should be considered in precise 
astigmatism calculation to ensure optimal refractive outcome. Future studies of patients with medium to high 
astigmatism and of application in premium toric IOL implantation are needed.



7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4305  | https://doi.org/10.1038/s41598-022-08253-6

www.nature.com/scientificreports/

Received: 8 September 2021; Accepted: 4 March 2022

References
	 1.	 Olson, R. J. Cataract surgery from 1918 to the present and future-just imagine!. Am. J. Ophthalmol. 185, 10–13 (2018).
	 2.	 Holland, E. et al. The AcrySof Toric intraocular lens in subjects with cataracts and corneal astigmatism: A randomized, subject-

masked, parallel-group, 1-year study. Ophthalmology 117, 2104–2111 (2010).
	 3.	 Kessel, L. et al. Toric intraocular lenses in the correction of astigmatism during cataract surgery: A systematic review and meta-

analysis. Ophthalmology 123, 275–286 (2016).
	 4.	 Ostri, C., Falck, L., Boberg-Ans, G. & Kessel, L. The need for toric intra-ocular lens implantation in public ophthalmology depart-

ments. Acta Ophthalmol. 93, e396–e397 (2015).
	 5.	 Hirnschall, N., Hoffmann, P. C., Draschl, P., Maedel, S. & Findl, O. Evaluation of factors influencing the remaining astigmatism 

after toric intraocular lens implantation. J. Refract. Surg. (Thorofare, NJ, 1995). 30, 394–400 (2014).
	 6.	 Lee, H., Kim, T.-I. & Kim, E. K. Corneal astigmatism analysis for toric intraocular lens implantation: Precise measurements for 

perfect correction. Curr. Opin. Ophthalmol. 2015, 26 (2015).
	 7.	 Ho, Y. J., Sun, C. C., Lee, J. S., Lin, K. K. & Hou, C. H. Comparison of using Galilei dual Scheimpflug analyzer G4 and Barrett 

formula in predicting low cylinder preoperatively for cataract surgeries. Eur. J. Ophthalmol. 2019, 1120672119866068 (2019).
	 8.	 Park, D. Y., Lim, D. H., Hwang, S., Hyun, J. & Chung, T. Y. Comparison of astigmatism prediction error taken with the Pentacam 

measurements, Baylor nomogram, and Barrett formula for toric intraocular lens implantation. BMC Ophthalmol. 17, 156 (2017).
	 9.	 Ribeiro, F. J., Ferreira, T. B., Relha, C., Esteves, C. & Gaspar, S. Predictability of different calculators in the minimization of post-

operative astigmatism after implantation of a toric intraocular lens. Clin. Ophthalmol. (Auckland, NZ) 13, 1649–1656 (2019).
	10.	 Yang, J., Zhang, H., Yang, X. T., Tian, F. & Zhao, S. Z. Accuracy of corneal astigmatism correction with two Barrett Toric calculation 

methods. Int. J. Ophthalmol. 12, 1561–1566 (2019).
	11.	 Abulafia, A. et al. Prediction of refractive outcomes with toric intraocular lens implantation. J. Cataract Refract. Surg. 41, 936–944 

(2015).
	12.	 Reitblat, O., Levy, A., Kleinmann, G. & Assia, E. I. Accuracy of intraocular lens power calculation using three optical biometry 

measurement devices: The OA-2000, Lenstar-LS900 and IOLMaster-500. Eye 32, 1244–1252 (2018).
	13.	 Lee, B. W. et al. Agreement between Pentacam and IOL master in patients undergoing toric IOL implantation. J. Refract. Surg. 

(Thorofare, NJ, 1995) 29, 114–120 (2013).
	14.	 Huang, J. et al. Evaluation of a new optical biometry device for measurements of ocular components and its comparison with 

IOLMaster. Br. J. Ophthalmol. 98, 1277–1281 (2014).
	15.	 Kaswin, G., Rousseau, A., Mgarrech, M., Barreau, E. & Labetoulle, M. Biometry and intraocular lens power calculation results 

with a new optical biometry device: Comparison with the gold standard. J. Cataract Refract. Surg. 40, 593–600 (2014).
	16.	 Güler, E., Kulak, A. E., Totan, Y., Yuvarlak, A. & Hepşen, İF. Comparison of a new optical biometry with an optical low-coherence 

reflectometry for ocular biometry. Contact Lens Anterior Eye J. Br. Contact Lens Assoc. 39, 336–341 (2016).
	17.	 Hoffer, K. J. & Savini, G. Comparison of AL-Scan and IOLMaster 500 partial coherence interferometry optical biometers. J. Refract. 

Surg. (Thorofare, NJ, 1995) 32, 694–698 (2016).
	18.	 Lin, H. Y. et al. Comparison of corneal power obtained from VERION image-guided surgery system and four other devices. Clin. 

Ophthalmol. (Auckland, NZ) 11, 1291–1299 (2017).
	19.	 Drexler, W. et al. Partial coherence interferometry: A novel approach to biometry in cataract surgery. Am. J. Ophthalmol. 126, 

524–534 (1998).
	20.	 Hill, W. et al. Simulation of toric intraocular lens results: Manual keratometry versus dual-zone automated keratometry from an 

integrated biometer. J. Cataract Refract. Surg. 2011, 37 (2011).
	21.	 Cruysberg, L. P. et al. Evaluation of the Lenstar LS 900 non-contact biometer. Br. J. Ophthalmol. 94, 106–110 (2010).
	22.	 Kane, J. X. & Chang, D. F. Intraocular lens power formulas, biometry, and intraoperative aberrometry: A review. Ophthalmology 

128, e94 (2020).
	23.	 Crawford, A. Z., Patel, D. V. & McGhee, C. N. J. Comparison and repeatability of keratometric and corneal power measurements 

obtained by Orbscan II, Pentacam, and Galilei corneal tomography systems. Am. J. Ophthalmol. 156, 53–60 (2013).
	24.	 Qian, Y., Liu, Y., Zhou, X. & Naidu, R. K. Comparison of corneal power and astigmatism between simulated keratometry, true net 

power, and total corneal refractive power before and after SMILE surgery. J. Ophthalmol. 2017, 9659481 (2017).
	25.	 Ashena, Z., Maqsood, S., Ahmed, S. N. & Nanavaty, M. A. Effect of intraocular lens tilt and decentration on visual acuity, dyspho-

topsia and wavefront aberrations. Vision (Basel, Switzerland) 2020, 4 (2020).
	26.	 Klijn, S., Reus, N. J., van der Sommen, C. M. & Sicam, V. A. D. P. Accuracy of total corneal astigmatism measurements with a 

Scheimpflug Imager and a color light-emitting diode corneal topographer. Am. J. Ophthalmol. 167, 72–78 (2016).
	27.	 Abulafia, A., Koch, D. D., Holladay, J. T., Wang, L. & Hill, W. Pursuing perfection in intraocular lens calculations: IV. Rethinking 

astigmatism analysis for intraocular lens-based surgery: Suggested terminology, analysis, and standards for outcome reports. J. 
Cataract Refract. Surg. 44, 1169–1174 (2018).

	28.	 Alpins, N. A. & Goggin, M. Practical astigmatism analysis for refractive outcomes in cataract and refractive surgery. Surv. Oph-
thalmol. 49, 109–122 (2004).

	29.	 Kawahara, A. & Takayanagi, Y. Comparison of refractive and keratometric astigmatism after microincision cataract surgery. J. 
Cataract Refract. Surg. 43, 1050–1053 (2017).

	30.	 Holladay, J. T., Moran, J. R. & Kezirian, G. M. Analysis of aggregate surgically induced refractive change, prediction error, and 
intraocular astigmatism. J. Cataract Refract. Surg. 27, 61–79 (2001).

	31.	 Srivannaboon, S., Chirapapaisan, C., Chonpimai, P. & Koodkaew, S. Comparison of ocular biometry and intraocular lens power 
using a new biometer and a standard biometer. J. Cataract Refract. Surg. 40, 709–715 (2014).

	32.	 Davis, W. R., Raasch, T. W., Mitchell, G. L., Mutti, D. O. & Zadnik, K. Corneal asphericity and apical curvature in children: A 
cross-sectional and longitudinal evaluation. Invest. Ophthalmol. Vis. Sci. 46, 1899–1906 (2005).

	33.	 Dong, J. et al. Comparison of corneal power and corneal astigmatism of different diameter zones centered on the pupil and corneal 
apex using Scheimpflug tomography. Cornea 39, 77–83 (2020).

	34.	 Manzanera, S. & Artal, P. Minimum change in spherical aberration that can be perceived. Biomed. Opt. Exp. 7, 3471–3477 (2016).
	35.	 Savini, G. & Næser, K. An analysis of the factors influencing the residual refractive astigmatism after cataract surgery with toric 

intraocular lenses. Invest. Ophthalmol. Vis. Sci. 56, 827–835 (2015).
	36.	 Legras, R., Chateau, N. & Charman, W. N. Assessment of just-noticeable differences for refractive errors and spherical aberration 

using visual simulation. Optom. Vis. Sci. 2004, 81 (2004).
	37.	 Rosales, P., De Castro, A., Jiménez-Alfaro, I. & Marcos, S. Intraocular lens alignment from purkinje and Scheimpflug imaging. 

Clin. Exp. Optom. 93, 400–408 (2010).
	38.	 Holladay, J. T. & Pettit, G. Improving toric intraocular lens calculations using total surgically induced astigmatism for a 2.5 mm 

temporal incision. J. Cataract Refract. Surg. 45, 272–283 (2019).
	39.	 Hayashi, K. et al. Changes in shape and astigmatism of total, anterior, and posterior cornea after long versus short clear corneal 

incision cataract surgery. J. Cataract Refract. Surg. 44, 39–49 (2018).



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4305  | https://doi.org/10.1038/s41598-022-08253-6

www.nature.com/scientificreports/

Author contributions
Y.H.C., C.P., and C.H.H. analyzed the data. K.K.L., J.S.L. and C.H. obtained the data. Y.H.C. and C.H.H. wrote 
the draft. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​08253-6.

Correspondence and requests for materials should be addressed to C.-H.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-08253-6
https://doi.org/10.1038/s41598-022-08253-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prediction of residual astigmatism in cataract surgery at different diameter zones using optical biometry measurement
	Methods
	Patients. 
	Surgical procedure. 
	Measuring device. 
	Method of calculation. 
	Accuracy determination. 
	Statistical analysis. 
	Results. 
	Discussion. 

	References


