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Purpose: To evaluate the influence of analysis mode selection on prediction accuracy of corneal astigmatism using Pentacam.

Methods: Fifty-nine eyes of 59 patients implanted with toric intraocular lenses (IOLs) were included in the retrospective study. Preoperative corneal astigmatism (total refractive power) measured with Pentacam was analyzed based on 2-, 3-, 4-, or 5-mm ring or zone mode either centered on corneal apex or pupil center. Actual corneal astigmatism was calculated based on residual astigmatism on the corneal plane, surgical-induced astigmatism, and effective toric power on the corneal plane. Prediction error, the difference between actual corneal astigmatism and measured astigmatism, was compared among different analysis modes. Influences of local topography on prediction error were also evaluated.

Results: Based on the zone mode, prediction error was lower when centered on corneal apex than on pupil center at different diameters, whereas based on the ring mode, this difference was only seen at 2-mm cornea (all P < 0.05). When centered on the corneal apex, the zone mode showed lower prediction error than the ring mode at 4- and 5-mm corneas (both P < 0.001), regardless of asymmetric or symmetric astigmatism. In symmetric bowtie, the zone mode showed lower prediction error than the ring mode at 2-mm cornea of the small bowtie, and 4- and 5-mm corneas of the large bowtie (all P < 0.05).

Conclusions: For toric IOL planning, the corneal apex may be a better reference center. At a cornea diameter ≥4 mm, the zone mode is more accurate than the ring mode. Local topography affects prediction accuracy in the symmetric bowtie.
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INTRODUCTION

With the increasing visual demands of patients, cataract surgery has developed into a refractive procedure in recent years, not only aiming to remove the opacified lens but also to achieve better spectacle-free visual outcomes (1). However, preoperative astigmatism of 1.25 D or greater is present in 20–30% of cataract patients (2, 3), which may lead to post-operative blurred vision and reduced visual quality, if not corrected during surgery (4, 5). With improvements in intraocular lens (IOL) design, toric IOLs are now widely used to correct preexisting corneal astigmatism (6, 7).

For toric IOL surgical planning, Pentacam is a very useful facility (8). Based on the Scheimpflug rotating camera, it provides more details of the cornea and thus improves the accuracy of toric IOL planning (9). The instrument has several analytical modes, yielding multiple sets of data for corneal diameters ranging from 1.0 to 8.0 mm, based on a ring or zone mode, and centered either on the corneal apex or the pupil center. With the ring mode, corneal astigmatism is calculated with data points locating on the ring, while with the zone mode, all the keratometric data points within the diameter are included in the analysis (10). However, it remained unclear which analysis mode is more accurate for the toric IOL surgical planning. Moreover, the influences of the local corneal topography on prediction accuracy are still unclear, as even in eyes with symmetric bowtie of corneal astigmatism, the location of the steepest part of the bowtie varies.

Thus, in this study, we firstly compared the prediction error for corneal astigmatism based on 2-, 3-, 4-, or 5-mm ring or zone mode either centered on the corneal apex or the pupil center and then analyzed the influence of the local topography on the prediction error in eyes with symmetric bowtie of corneal astigmatism.



MATERIALS AND METHODS

This retrospective study adhered to the principles of the Declaration of Helsinki. The protocols of the study were approved by the institutional review board of the Eye and Ear, Nose, and Throat (EENT) Hospital of Fudan University, Shanghai, China. Written informed consent was routinely obtained from each participant before surgery for the use of their clinical data.


Patient Selection

Medical records of patients undergoing cataract surgery at the EENT Hospital of Fudan University between October 1, 2018, and November 1, 2019, were reviewed. Eyes with uneventful cataract surgery and toric IOL implantation (AT Torbi 709M IOL, Carl Zeiss AG, Oberkochen, Germany) were included. Exclusion criteria were: eyes with poor quality of Pentacam scans, corneal pathologies such as keratoconus and corneal scars, contact lens wearing within 2 weeks before examinations, previous intraocular surgery or trauma, zonular weakness, glaucoma, severe fundus pathology, uveitis, and systemic disorders such as diabetes. Finally, 59 eyes of 59 patients were available for analysis.



Preoperative Examinations

All patients underwent complete ophthalmic examinations before surgery, namely, visual acuity testing, slit-lamp examination, corneal topography (Pentacam HR, Oculus Inc., Wetzlar, Germany), biometry measurements (IOLMaster700, Carl Zeiss AG, Oberkochen, Germany), fundoscopy, and B-scan ultrasonography. The cylinder power and axis of toric IOLs were calculated based on the corneal refractive power (axial/sagittal front) using the online calculator of the IOL manufacturer (ZCALC2: https://zcalc.meditec.zeiss.com).



Surgical Procedure

All surgeries were performed with a standard procedure by one experienced surgeon (Prof. YL). A 2.6-mm clear corneal incision was made temporally and then a 5.5-mm continuous curvilinear capsulorhexis was created, followed by hydrodissection, phacoemulsification, and cortex removal. Using the Callisto Eye System (Carl Zeiss AG, Oberkochen, Germany), the toric IOL was implanted in the capsular bag. After the thorough removal of the viscoelastic from above and below the IOL, the alignment was checked again and the incision was hydrated. At the end of the surgery, the axis of the toric IOL was recorded for each eye. All eyes received routine post-operative medications after surgery.



Post-operative Examinations

At 1 month after surgery, the post-operative examinations included visual acuity testing, manifest refraction, corneal topography, and anterior segment photography. The uncorrected distance visual acuity (UDVA; logarithm of the minimal angle of resolution, logMAR) and the corrected distance visual acuity (CDVA; logMAR) were recorded for each eye. During the photography of the anterior segment, a retroilluminated photograph was taken after pupil dilation to measure the post-operative axis of the IOL at 1 month.



Prediction Error Calculation

Preoperative corneal astigmatism (total refractive power) measured with Pentacam was analyzed based on the 2-, 3-, 4-, or 5-mm ring or zone mode centered either on the corneal apex or the pupil center, resulting in 16 sets of astigmatism data for each eye.

The actual corneal astigmatism was calculated as the vector sum of the post-operative residual astigmatism on the corneal plane (Dresidual/cornea), surgical-induced astigmatism (SIA), and the effective toric IOL power on the corneal plane (DIOL/cornea). Post-operative residual astigmatism (Dresidual) was converted to the corneal plane (Dresidual/cornea) with the formula (11):
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Surgical-induced astigmatism was calculated as the vector difference between post-operative and preoperative total corneal astigmatism both measured with Pentacam. The effective toric IOL power (DIOL) was also converted to the corneal plane (DIOL/cornea) by (12, 13):
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where K is the net corneal power measured with Pentacam and ELP is the effective lens position calculated from the anterior chamber depth after surgery. In addition, the post-operative axis of the toric IOL at 1 month was used for the vector analysis.

The prediction error, defined as the vector difference between the actual corneal astigmatism and the preoperative corneal astigmatism measured with Pentacam, was compared among different analysis modes. Both the absolute prediction error and the centroid error were calculated in the study.



Local Corneal Topography of the Bowtie Pattern

The total corneal irregular astigmatism was recorded with Pentacam for all eyes, and the values of <0.3, ≥0.3, and <0.5, and ≥0.5 μm were defined as mild, moderate, and severe irregularity, respectively. Based on the corneal topography, eyes with an inferior-superior index (I-S) of >1.5 D, a superior-inferior index (S-I) of >2.5 D, or a skewed radial axis index (SRAX) of >22° were classified as asymmetric, while all the other eyes were classified as symmetric (14). I-S was defined as the difference in corneal curvature between the inferior and superior points on the steep axis at 5 mm in the sagittal curvature (front) image, and S-I was defined as the difference between the superior and inferior points (14). SRAX was defined as the difference in the axes of the two lobes of the bowtie (14).

In the symmetric group, the eyes were further divided into three subgroups according to the diameter of symmetric bowtie: type A (small bowtie, diameter ≤ 5 mm; Figure 1A); type B (medium bowtie, 5 mm < diameter ≤ 7 mm; Figure 1B); and type C (large bowtie, diameter >7 mm; Figure 1C). To measure the diameter of the bowtie, a color scale with increments of 0.25 D was used.


[image: Figure 1]
FIGURE 1. Influences of the local corneal topography on prediction error in a symmetric bowtie. The first column shows the corneal topography of (A) eyes with small bowtie (type A, diameter ≤5mm), (B) eyes with medium bowtie (type B, 5 mm < diameter ≤7 mm), and (C) eyes with large bowtie (type C, diameter >7 mm). The second column shows the topographic profile on the steep axis corresponding to the first column.




Statistical Analysis

The sample size required to detect a difference of 0.20 D with an SD of 0.50 D was calculated as 54 eyes for a significance level of 5% and a test power of 0.80. Continuous data are presented as means ± SDs. Shapiro–Wilk tests were performed for Gaussian distributions. The paired Wilcoxon signed-rank test was used for the comparison of median absolute errors. A paired t-test was used to compare mean absolute errors. All statistical analyses were performed with SPSS version 22 (SPSS, Chicago, Illinois, USA). A P < 0.05 was considered statistically significant.




RESULTS


Characteristics

Table 1 shows the characteristics of the included eyes. The mean age of the patients included was 63.4 ± 14.0 years. The mean axial length was 26.50 ± 2.81 mm. The mean preoperative total corneal refractive power measured with Pentacam was 2.09 ± 0.74 D. At 1 month after surgery, the mean residual astigmatism was 0.62 ± 0.41 D.


Table 1. Characteristics.
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Prediction Errors of Corneal Astigmatism Based on Different Analysis Modes

Table 2 shows the prediction errors of corneal astigmatism based on the ring or zone mode centered on either the corneal apex or pupil center. For the zone mode, the absolute prediction errors of corneal astigmatism were significantly lower when centered on the corneal apex than centered on the pupil center at 2-, 3-, 4-, and 5-mm corneas (paired Wilcoxon signed-rank test, all P < 0.05); whereas, for the ring mode, this difference was only seen for a corneal diameter of 2 mm (paired Wilcoxon signed-rank test, P = 0.01).


Table 2. Prediction errors of corneal astigmatism based on the ring or zone mode either centered on the corneal apex or pupil center.

[image: Table 2]

When centered on the corneal apex, the zone mode showed significantly lower absolute prediction error than the ring mode at 4- and 5-mm cornea (paired Wilcoxon signed-rank test, both P < 0.001). When centered on the pupil center, differences between ring and zone mode were seen at 2-, 4-, and 5-mm cornea (paired Wilcoxon signed-rank test, all P < 0.05). The zone mode also showed lower mean centroid error than the ring mode at 3-, 4-, and 5-mm corneas (0.18 vs. 0.25 D, respectively, for 3 mm, 0.21 vs. 0.36 D, respectively, for 4 mm, 0.31 vs. 0.44 D, respectively, for 5 mm). Based on the zone mode, the lowest median absolute error (0.43 D) and mean centroid error (0.18 D) were both seen at the 3-mm cornea.

All the included eyes had mild irregularity. Of the 59 eyes, 23 (39%) had asymmetric astigmatism. Table 3 shows the prediction errors of corneal astigmatism in the asymmetric and symmetric groups between the ring and zone modes when centered on the corneal apex. In both the groups, the zone mode showed significantly lower absolute prediction error than the ring mode at 4- and 5-mm cornea (paired Wilcoxon signed-rank test, all P < 0.05), while in the asymmetric group, the zone mode showed higher absolute prediction error than the ring mode at 2-mm cornea (paired Wilcoxon signed-rank test, P = 0.03).


Table 3. Prediction errors of corneal astigmatism based on the ring or zone mode centered on the corneal apex in the asymmetric and symmetric groups.
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Influences of the Local Corneal Topography on Prediction Error in Symmetric Bowtie

Among the eyes with symmetric bowtie of corneal astigmatism, the proportions of type A, type B, and type C were 17% (6/36), 50% (18/36), and 33% (12/36), respectively. Table 4 shows the prediction errors of corneal astigmatism in the eyes with the symmetric bowtie pattern. In type A, the zone mode showed a significantly lower absolute prediction error than the ring mode at 2-mm cornea (paired t-test, P = 0.02). In type B, no differences were identified at any corneal diameters between the two modes (paired t-test, all P > 0.05). In type C, the zone mode had significantly lower absolute prediction errors than the ring mode at 4- and 5-mm cornea (paired t-test, P = 0.004 for 4 mm and P = 0.001 for 5 mm).


Table 4. Prediction errors of corneal astigmatism based on the ring or zone mode centered on the corneal apex in eyes with a symmetric bowtie.
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DISCUSSION

Over the past decade, the implantation of toric IOLs has become a preferred option for correcting preexisting corneal astigmatism and achieving better post-operative visual outcomes for cataract patients (15, 16). Pentacam is a useful instrument for planning toric IOL surgery and improving prediction accuracy for corneal astigmatism (17, 18). With various analysis modes, it provides more than 30 sets of keratometric data for corneal diameters ranging from 1.0 to 8.0 mm, based on the ring or zone mode centered on either the corneal apex or pupil center (10). However, it remained unclear which analysis mode is most appropriate for the toric IOL surgical planning. Moreover, little was known about the influences of the local corneal topography on prediction error. In this study, we evaluated the prediction errors among different analysis modes of Pentacam and found that for toric IOL surgical planning, the corneal apex may be a better reference center than the pupil center, and at a corneal diameter of ≥4 mm, the zone mode may be more accurate than the ring mode. Prediction accuracy may also be affected by the local topography of symmetric bowtie astigmatism.

The corneal apex is found as a better reference center for toric IOL surgical planning according to our data. Choosing the inappropriate reference center may reduce the prediction accuracy, especially when there is a certain distance between the two reference centers (19). Previously, some studies recommended the pupil center as the reference center in this context, because the researchers considered that the entrance pupil controls what the patient sees (20, 21). However, according to our study, the prediction accuracy of corneal astigmatism is higher when the measurement is centered on the corneal apex rather than on the pupil center, based on the 2-, 3-, 4-, or 5-mm zone mode or the 2-mm ring mode. The corneal apex usually corresponds to the center of the capsular bag, which is closely associated with the optical performance of the toric IOL (22), and this may explain why using the corneal apex as the reference center resulted in more accurate prediction in most cases. Another explanation may be that pupil-centered measurements made with Pentacam have poorer precision (23), given the dynamic nature of the pupil.

We also found that when centered on the corneal apex, the zone mode presented higher prediction accuracy than the ring mode at the corneal diameter of ≥4 mm, regardless of whether the astigmatism was asymmetric or symmetric. Unlike the ring mode in which corneal astigmatism is analyzed merely with data points over the ring, the zone mode includes all the data points within the corneal diameter for analysis (10). Thus, an assessment of corneal astigmatism based on the zone mode may be more representative of the actual corneal astigmatism in the selected area, and will therefore provide greater accuracy for toric IOL surgical planning. Notably, based on the zone mode, among all the different diameters examined, the 3-mm cornea data offered the most accurate prediction. The 3-mm zone mode is not only more representative of the actual corneal astigmatism but also it is closer to the pupillary area (24), which is actually responsible for corneal refraction, suggesting that this is the optimal option for toric IOL surgical planning in future clinical practice.

The influence of the local corneal topography on prediction accuracy should not be neglected in the eyes with the symmetric bowtie pattern of corneal astigmatism. In these eyes, the location of the steepest parts of the bowtie varies, which may lead to differences in the prediction accuracy of the different analysis modes. In particular, if the steepest part of the bowtie is located on the central cornea, the prediction accuracy is greater for the zone mode than for the ring mode at a corneal diameter of 2 mm. In contrast, if the steepest part of the bowtie is located on the peripheral cornea, the prediction accuracy is greater for the zone mode than for the ring mode at corneal diameters of 4 and 5 mm. This finding provides an insight into how to select the most appropriate analytical mode for planning toric IOL implantation according to the local corneal topography.

Some issues need to be addressed with regard to this study. The implantation of toric lenses represents a recent frontier of refractive surgery and cataract surgery, but there are limitations that cannot be addressed, even with sophisticated instruments like Pentacam. Eyes that have undergone previous operations or suffer corneal pathologies pose a great risk of surgical failure. Therefore, despite advanced instruments and more accurate analytical modes, previous incisions or scars must also be considered. For instance, cataract surgery on eyes that have undergone previous radial keratotomy poses higher risks of dehiscence and higher residual astigmatism, whereas the stabilizing suture of the radial keratotomy incision can reduce the risk of dehiscence and post-operative astigmatism (25). However, eyes with previous surgery or corneal pathologies were excluded from this study to avoid their effect on the prediction error. Furthermore, gender should always be considered in research. Studies have shown a between-sex difference in corneal astigmatism (26). In this study, no significant difference was detected in corneal astigmatism between male and female patients (P > 0.05), though 61% of the patients were females. Gender may be a secondary factor. A future study with a larger sample size is needed to further investigate the effect of gender on the prediction accuracy for corneal astigmatism.

In conclusion, for toric IOL surgical planning, the corneal apex may be a better reference center than the pupil center, and at a corneal diameter of ≥4 mm, the zone mode may be more accurate than the ring mode. The influence of the local corneal topography on the prediction accuracy in symmetric bowtie corneal astigmatism shall also not be neglected.
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