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Introduction: Toric intraocular lens (IOL) calculation has traditionally relied on anterior corneal astigmatism (KA), but recent trends
emphasize incorporating posterior corneal astigmatism (PCA) and total corneal astigmatism (TCA). However, age-related changes and
sex-based differences in PCA and TCA remain inconclusive due to limited sample sizes in previous studies.

Methods: We conducted a cross-sectional observational study using biometric measurements obtained with the IOLMaster 700. Patients
with warning and failed history of corneal transplant or keratoconus were excluded. The objective was to evaluate age-related changes and
sex-based differences in KA, PCA, and TCA among patients undergoing cataract surgery at a tertiary care center in Thailand.

Results: A total of 23,932 eyes were analyzed for KA, and 9,546 eyes for PCA and TCA. Data were visualized using double-angle
plots. PCA demonstrated a distinctive three-point star distribution, predominantly oriented along the with-the-rule (WTR) axis, with
against-the-rule (ATR) astigmatism being rare in younger patients as illustrated in graphical abstract. Across KA, PCA, and TCA, the
prevalence of ATR astigmatism increased in older age group, while WTR orientation decreased. A marked shift from WTR to ATR
orientation was observed at different age thresholds: 60-65 years for KA, 75-80 years for PCA, and 55-65 years for TCA. KA and
TCA also exhibited a preferential shift toward superonasal oblique orientation with advancing age—a pattern not observed in PCA. No
significant sex-based differences were observed in mean astigmatism vector distributions across age groups.

Conclusion: Clinicians should account for age-related shifts in KA, PCA, and TCA when selecting toric IOLs, particularly in patients
younger than 55 years. Preoperative counseling should address potential long-term shifts toward ATR orientation, which may influence
visual outcomes in patients receiving toric IOLs aligned along other axes. Incorporating these changes into toric IOL formulae may
improve patient outcomes.

Plain Language Summary: In this study, we examined how the curvature and orientation of the cornea, specifically the anterior (front),
posterior (back), and total corneal astigmatism, change with age and whether there are any differences between males and females. Astigmatism
is when the cornea is not perfectly round, which can cause blurred vision. For patients undergoing cataract surgery, toric intraocular lenses
(IOLs) are often used to correct this condition. Traditionally, surgeons have focused only on the front part of the cornea when planning for toric
IOLs, but recent advances highlight the importance of also considering the back surface and total astigmatism of the cornea. By analyzing data
from nearly 24,000 eyes, we discovered that astigmatism tends to shift in orientation as people age, from a with-the-rule (WTR) pattern
commonly seen in younger patients to an against-the-rule (ATR) pattern in older adults. This shift happens at different ages for different layers
of the cornea with changes showing as early as age 55. We also found that this shift often moves toward a nasal side in the front and total corneal
surfaces, but not in the posterior surface. Importantly, we did not observe any meaningful differences between males and females. These
findings suggest that age plays a significant role in determining astigmatism patterns and should be considered when selecting and aligning toric
IOLs, especially for younger patients who may continue to experience changes in corneal shape over time. Discussing these potential future
shifts with patients before surgery may help improve satisfaction and long-term visual outcomes.
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Graphical Abstract
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Introduction
In ophthalmology, personalized medicine is gaining prominence, with cataract surgery being a key example of its
application. Phacoemulsification, involving the removal of the cataractous lens and precise implantation of an intraocular
lens (IOL) into the capsular bag, has become a standard procedure worldwide.! Standard nontoric lenses often result in
residual astigmatism and reduced uncorrected visual acuity.” Although this residual astigmatism can be corrected
postoperatively with glasses, refractive surgery,” or intraoperatively with techniques such as limbal relaxing incisions
or extended-on-axis incision,* these options can be unpredictable and less effective than toric IOLs, particularly in
patients with high corneal astigmatism.> As patient expectations for optimal refractive outcomes and reduced depen-
dence on eyeglasses increase, toric IOLs are becoming more widely used than standard nontoric lenses.®

Accurate calculation of the appropriate toric IOL for each eye is essential to ensure satisfactory postoperative visual
acuity. Corneal orientations are crucial because toric IOLs must be aligned along a specific axis.” Various formulas take
into account patient-specific factors, including anterior corneal astigmatism (keratometric astigmatism, KA), posterior
corneal astigmatism (PCA), and importantly, total corneal astigmatism (TCA), which encompasses both KA and PCA.*
Previous studies reported KA tends to rotate nasally with age, shifting from with-the-rule (WTR) astigmatism to against-
the-rule (ATR) astigmatism after age 70, with differences observed between the sexes.” '' However, the changes of PCA
and TCA had not been clearly described, in part because of the restricted sample sizes used in previous studies.”'

The precision required for toric IOL implantation also demands careful surgical planning, as surgically induced
astigmatism can affect the KA, PCA, and TCA 1in all orientations.® Understanding the incidence and orientation of KA,
PCA, and especially TCA across age groups is critical for optimizing surgical outcomes.'* Our primary outcome was to
assess age-related changes and sex-based differences in KA, PCA, and TCA among patients undergoing cataract surgery.
We aimed to provide comprehensive data on these corneal astigmatism parameters in larger population, particularly in
younger patients requiring cataract surgery, to support more informed preoperative counseling and enhance toric IOL

selection for improved surgical outcomes.

Methods

Study Design

This is a cross-sectional observational study conducted in the Department of Ophthalmology, King Chulalongkorn
Memorial Hospital. We report the data regarding the STROBE and RECORD statement guidelines for reporting

observational studies.!®!>
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Participants

We included data from patients who had undergone measurements before cataract surgery with a Zeiss IOLMaster 700
(Carl Zeiss Meditec) swept-source optical coherence tomography biometer from the first use of the machine in June 2016
to November 2022. We excluded data from patients younger than 18 years old because of ethical considerations. Other
exclusion criteria included data from patients with pseudophakia or aphakia, or those who had undergone laser vision
correction (LVC), such as laser in situ keratomileusis (LASIK), photorefractive keratectomy (PRK), or radial keratotomy
(RK). We excluded data from patients with instrument warnings and failed keratometry acquisitions, keratoconus, and
corneal transplants. No data exclusions were applied based on vitreous status.

Data Collection

Data were collected from biometric measurements made using IOLMaster 700 biometers. Acquisition dates and times
were noted in addition to demographic data, which included sex, date of birth, and eye laterality. The measurements
included anterior, posterior, and measured total corneal radii in millimeters, and measurements of flat corneal radii and
steep corneal radii along with their respective axes.

Data Analysis

All biometric data were tabulated using Microsoft Excel 2021. Statistical analyses were conducted using StataSE18
(StataCorp). The steep axis orientation was categorized as follows: 0°-22.5° and 157.5°-180° were classified as ATR
astigmatism, 67.5°-112.5° as WTR astigmatism, and 22.5°-67.5° and 112.5°-157.5° as oblique astigmatism (OBL). For
the right eye, the superonasal region was defined as 22.5°—67.5° and the superotemporal region was defined as 112.5°—
157.5°. For the left eye, the superonasal and superotemporal regions were mirrored using the formula (180°—a), where o
represents the angle of the steep axis. For statistical analysis, all corneal radii (mm) were calculated to keratometry in
diopters (D) using the formula K(D) = If(lr; Wll) 1000, with a keratometry refractive index (K;) of 1.3375. AK (D) was
subsequently used to analyze the incidence of astigmatic power. A data point is considered an outlier if it is more than 1.5

interquartile range above the third quartile or below the first quartile.
A double-angle plot generated using Python 3 (Python Software Foundation) via Google Colab (Alphabet Inc) was
employed to visually assess age-related changes in the distribution of corneal astigmatism orientations.

Results

We collected 45,622 measurements from two swept-source optical coherence tomography biometers. After the exclusion
criteria were applied, data from 3,928 eyes with aphakic lens status, phakic IOL, piggyback IOL, or pseudophakia were
excluded, along with that from 628 patients who had undergone LVC. Data from 872 failed measurements and 3,655 eyes
with quality warning indices were excluded. Further exclusions included data from 21 eyes with keratoconus, 208 with
pre- or postcorneal transplants, and 91 from patients younger than 18 years. Ultimately, data from 23,932 eyes remained
for KA analysis, and data from 9,546 eyes were available for posterior and total corneal astigmatism analysis, as shown
in a flow diagram of the inclusion and exclusion process in Figure 1.

Age Related Changes of Corneal Astigmatism

The demographic data and the orientations of KA, PCA, and TCA are presented in Table 1. The distribution of
astigmatism orientations is visualized using double-angle plots in the graphical abstract, with subgroup analyses by
age group presented in Figure 2. Both KA and TCA showed a predominantly WTR orientation in younger individuals,
gradually shifting toward an ATR orientation with increasing age. PCA demonstrated a distinctive three-point star
distribution, predominantly aligned along the WTR axis. True vertical (90°) orientations were notably rare among WTR
cases, while ATR orientations were minimal, particularly in the true horizontal direction (0° and 180°). PCA also
demonstrated a trend within the center in the double-angle plot, indicating a low PCA power in every age group.
A general shift from WTR to ATR orientation was observed, occurring at different age ranges: 60—65 years for KA,
75-80 years for PCA, and 55-60 years for TCA. KA and TCA powers also increased by approximately 1 D after the
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Figure | Flowchart of the inclusion and exclusion processes.
Abbreviations: |OL, intraocular lens; LASIK, laser in situ keratomileusis; PRK, photorefractive keratectomy; RK, radial keratotomy.
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Table 1 Demographic Data of Patients Included in This Study

Parameter Anterior Corneal Total Corneal Posterior Corneal
Astigmatism n = 23,932 | Astigmatism n = 9,546 | Astigmatism n = 9,546

Age (mean * SD) | 66.99 + 10.19 67.43 + 9.65

Vitreous status
Vitreous 23,819 (99.5) 9,439 (98.9)
Post-vitrectomy 113 (0.5) 107 (1.1)
Silicone oil 0 (0) 0 (0)

Eye side
Left 12,003 (50.1) 4,760 (49.9)
Right 11,929 (49.9) 4,786 (50.1)

Sex
Female 13,641 (57.0) 5,897 (61.8)
Male 8,725 (36.5) 3,590 (37.6)

Orientation
Against-the-rule 12,209 (51.0) 4,179 (43.78) 284 (3.0)
With-the-rule 7,681 (32.1) 1,505 (15.77) 7,080 (74.1)
Oblique 4,042 (16.9) 3,862 (40.45) 2,182 (22.9)
Superonasal 2,708 (67.0) 2,129 (55.13) 942 (43.2)
Superotemporal 1,334 (33.0) 1,733 (44.87) 1,240 (56.8)

Abbreviations: n, number; NA, not available; SD, standard deviation.

orientation stabilized, occurring between ages 65-80 years for KA and between 60—80 years for TCA; this trend was not
observed in PCA. The mean astigmatism vectors across age groups were illustrated in the double-angle plot in Figure 3.

Corneal Astigmatism Changes in Each Eye Side and Sex

In both eyes, the KA and TCA mean vectors tended to shift from a WTR orientation toward an ATR orientation towards
superonasal region between 55 and 70 years, although this change was not observed in PCA. The mean astigmatism
vectors across age groups, compared between the right and left eyes, were illustrated in the double-angle plot in Figure 4.
Visual inspection of the plots revealed no clinical significance in mean astigmatism vector distributions between male
and female patients across age groups. The mean astigmatism vectors across age groups, compared between the male and
females, were illustrated in the double-angle plot in Figure 5. Astigmatic powers increment did not have clinically
significant difference to the right and left eyes and male and female patients.

Discussion
We observed a decrease in WTR incidence and an increase in the ATR orientation of KA in older age group which is
consistent with previous findings of an age-related transition from WTR to ATR.>'"'"1? We also observed an increase in
the OBL orientation of the KA and TCA, particularly in the superonasal regions. Our findings were consistent with
a previous report that clinical considerations are crucial when evaluating KA changes in older age group, particularly in
the context of cataract surgery involving toric IOL implantation.?’ For patients younger than 55 years, clinicians should
exercise caution when implanting toric IOLs, as corneal astigmatic orientation may continue to shift with age. Such
changes could result in visual deterioration due to cylindrical refractive error and higher-order aberrations arising from
misalignment between the corneal steep axis and the IOL. Furthermore, postoperative monitoring of IOL alignment can
help ensure optimal visual outcomes. We recommend individualized surgical planning for patients undergoing cataract
surgery, especially in patients age under 55, rather than a one-size-fits-all approach to toric IOLs implantation.
Nonetheless, we do not recommend delaying cataract surgery in younger patients when it is clinically indicated.

We also identified a distinct three-point star pattern in the double-angle plot for PCA, with very few ATR and true vertical
(90°) cases observed in younger patients. This distribution may reflect congenital characteristics of the posterior cornea. These
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Figure 2 Double-angle plot of anterior, total and posterior corneal astigmatism across age groups.
Abbreviations: n, number; SD, standard deviation.
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Figure 3 Double-angle plot of mean vectors of each age group of anterior, total and posterior corneal astigmatism.
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Figure 4 Double-angle plot of mean vectors of each age group of anterior, total and posterior corneal astigmatism compared between right and left eye.
Abbreviations: OD, right eye; OS, left eye.

findings have important implications for toric IOL formulas, which often assume PCA to be oriented along the vertical axis.’
Our results suggest that such assumptions may not hold true across all age groups and should be reconsidered in younger patients.
The prevalence of ATR-oriented PCA increased with age, indicating a gradual shift toward ATR alignment, which mirrors the
pattern observed in the anterior cornea, albeit occurring more slowly. This finding contrasts with previous studies that reported no
significant age-related rotation in PCA orientation.”'® The similar rotational trends observed in both KA and TCA but not in
PCA, suggesting that KA has a greater influence on TCA than PCA. While external factors such as eyelid closure primarily affect
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Figure 5 Double-angle plot of mean vectors of each age group of anterior, total and posterior corneal astigmatism compared between male and female.
Abbreviations: OD, right eye; OS, left eye.

the anterior cornea, they may still exert some influence on PCA as well. Additionally, we observed a decrease in PCA power with
advancing age. We hypothesize that this may result from age-related structural changes in the globe and anterior chamber, leading
to a more circular, rather than cylindrical, posterior corneal shape. In cases where PCA and TCA are measured with appropriated
cautions; we recommended IOL calculation formulae such as the Barrett True-K TK and the Emmetropia Verifying Optical
(EVO) formula may be particularly useful.

When comparing laterality, the mean vectors of KA and TCA were predominantly located in the superonasal
quadrant, suggesting a nasal shift tendency that aligns with findings from previously reported studies.” However, the
relatively high incidence of OBL in our dataset may be influenced by referral bias, as our tertiary teaching hospital often
manages more complex cases with multiple ocular or systemic comorbidities. We did not observe any notable sex-based
differences in KA, PCA, or TCA, suggesting that corneal astigmatism patterns may be individually determined and not
influenced by sex, in contrast to findings reported in some previous studies.'®

One of the strengths of our study is the inclusion of all patients who underwent biometric measurements using a Zeiss
IOLMaster 700, minimizing selection bias. Our relatively large sample size and the inclusion of both eyes provide a robust
representation of the general population in Thailand. Moreover, the biometric data were collected using strict exclusion criteria,
such as the omission of cases with poor quality indices, corneal transplants, or keratoconus, which improved the precision of our
measurements. However, excluding patients with poor quality indices may have slightly skewed the true incidence of corneal
astigmatism, as surgeons often proceed with surgery despite these limitations, potentially leading to minor discrepancies.

Nevertheless, several limitations are acknowledged. Incomplete eye histories might have hindered our ability to assess
each eye’s condition fully, and medical records may not have documented all relevant corneal pathologies. We did not
include patients younger than 18 years, which limits the generalizability of our findings to pediatric populations. Other

factors beyond KA, PCA, and TCA, such as retinal disease and patient preferences, also influence decisions regarding toric
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IOL implantation. Excluding patients with previous LVC or silicone oil implantation may have skewed our data because
these conditions can alter the KA, PCA, and TCA parameters. Moreover, the double-angle plot may not depict the corneal
shape as fully as in previous studies that utilized Scheimpflug tomography or videokeratography.'® Cross-sectional studies
cannot determine the age-related shifts for individual patients but instead indicate trends across the population. Ethnic or
geographic factors may influence the findings, as the study population was exclusively from Thailand, potentially limiting the
generalizability of the results to other populations. Surgeons should carefully consider altered parameters and select the most
appropriate IOL calculation formula for individual cases, considering age related changes of astigmatism. Future multicenter
prospective longitudinal studies are warranted to address these limitations. Further studies should investigate the associations
of KA, PCA, and TCA with surgical techniques and visual outcomes, ultimately improving cataract surgery counseling and
approach in younger patients. Additionally, evaluating visual outcomes and patient satisfaction in PCA—based IOLs selection
may help clarify the clinical impact of incorporating PCA into IOL calculations.

Conclusions

This study provides new insights into the age-related changes in the orientation of KA, PCA, and TCA, with no
significant sex-based differences observed. We identified a clear shift from WTR to ATR astigmatism strongly associated
within older age group. Additionally, the mean astigmatism vectors in KA and TCA showed a trend toward superonasal
OBL orientations, suggesting a medial shift in KA and TCA with age. These findings may serve as a foundation for
developing age-specific toric IOL calculation formulas and offer valuable guidance for toric IOL selection and long-term
visual outcome counseling, particularly in younger patients. Surgeons should exercise caution and provide appropriate

counseling when considering toric IOL implantation in younger patients due to ongoing age-related astigmatic shifts.
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