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Abstract 

This study aims to evaluate the distribution of preoperative corneal parameters 
obtained using the Pentacam anterior segment analyzer in Chinese male and female 
patients with cataracts and to investigate the correlation between these param-
eters and related factors. Preoperative examination data of the eyes of 1,255 patients 
who underwent cataract surgery were retrospectively analyzed. The Pentacam AXL 
was used to extract preoperative corneal measurements, and the total corneal meas-
urement data were analyzed. The average age of the patients was 52.9 ± 21.3 years. The 
mean simulated keratometry values and corneal curvature of total corneal refractive 
power were positively correlated with age (both P < 0.01). Spearman’s correlation 
analysis revealed a positive association between age and anterior corneal spherical 
aberration, posterior corneal spherical aberration, and total corneal spherical aberration 
changes. A negative correlation was found between age and with-the-rule astigma-
tism, and it was positively correlated with the ratios of against-the-rule and oblique 
astigmatism. A significant between-eye correlation was observed regarding spherical 
aberration (Z40), horizontal coma (Z31), vertical coma (Z3-1), and horizontal trefoil 
(Z33). The corneal curvature in females was significantly steeper than that in males 
(P < 0.01). Corneal curvature, corneal spherical aberration, and corneal astigmatism 
were found to change with age. Additionally, we found physiological differences 
between the sexes. Individual measurements could be taken preoperatively to facilitate 
the development of personalized surgical plans. By identifying age- and gender-related 
corneal variations, this study enables more personalized cataract surgery planning, 
potentially improving refractive outcomes and reducing postoperative complications 
through tailored surgical techniques and intraocular lens selection.

Keywords:  Cataract, Simulated keratometry, Total corneal refractive power, High-order 
aberration, Pentacam anterior segment analysis system

Introduction
Cataract is currently the second leading cause of visual impairment and the primary 
cause of blindness worldwide. Corneal curvature is a critical parameter for calculating 
the refractive power of an artificial lens. With the substantial increase in the number of 
cataract surgeries, a thorough and accurate assessment of corneal surface morphology 
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and its changes is crucial for cataract treatment. Regarding studies on corneal curvature 
changes with age, Ma et al. [1] examined healthy Chinese individuals and reported grad-
ual alterations in corneal morphology with age, with both anterior and posterior cor-
neal curvature (K1 and K2) being positively correlated with age. According to research 
predictions, the number of individuals (aged 45–89 years) affected by any form of cata-
ract will reach 240.83 million by 2050 [2]. There remain discrepancies between values 
obtained when measuring various biological indicators in patients with cataract, includ-
ing the reference ranges that vary between measurements. Corneal curvature and the 
distribution of corneal astigmatism are important parameters in guiding the calculation 
of intraocular lens power in cataract surgery and determining the choice of surgical inci-
sions. SimK is widely used in current clinical practice and is calculated using anterior 
corneal surface measurements and the presumption of a constant anterior–posterior 
corneal radius ratio. Early studies demonstrated that a conversion factor of 1.3375 was 
insufficient for converting the radius of curvature into the absolute refractive power of 
the cornea, which could lead to the overestimation of the corneal curvature measured 
by the SimK method. While age affects multiple ocular parameters due to physiologi-
cal aging, the influence of sex on ocular biometry is more subtle, with corneal curvature 
being one of the few parameters showing a significant and consistent gender-based dif-
ference [3]. Wavefront aberration is generally considered a crucial indicator for assessing 
visual quality [4]. However, the parameters obtained in different tissues may vary accord-
ing to factors such as geographic region, race, age, and differences in inclusion criteria 
[5]. For example, the anterior chamber volume and depth in males are typically greater 
than those in females [6]. Moreover, lens thickness tends to increase with age. Addition-
ally, the anterior chamber depth has a negative correlation with age [7]. Nonetheless, 
there have been few epidemiological studies on patients with cataract, and the informa-
tion is limited to local reports. Further, there have been limited biological parameters 
included in these studies [1, 8]. Therefore, with the development of personalized surgery, 
individual ocular biometry data are becoming particularly crucial.

In recent years, Total Corneal Refractive Power (TCRP) has gained interest among 
cataract and refractive surgeons. Based on the principle of ray tracing and incorporating 
data regarding corneal thickness and posterior corneal curvature, the Scheimpflug cam-
era allows physical measurement of TCRP. This theoretically facilitates more accurate 
calculations [8].

To supply this critical basic information, the Pentacam AXL for anterior segment 
analysis is used to evaluate the characteristics and distribution of preoperative corneal 
biological parameters in patients with cataract. It is stated that Pentacam AXL demon-
strates high agreement with measurements from other methods, which was quantita-
tively assessed using Spearman’s correlation analysis. The agreement was found to be 
strong (Spearman’s ρ = 0.85, p < 0.001), indicating a high level of consistency between 
the Pentacam AXL measurements and those from previous studies. This demonstrates 
that the Pentacam AXL provides reliable measurements that are comparable with other 
established methods [9–11]. The results of such analysis can inform the establishment 
of individualized surgical plans based on patient-specific corneal characteristics in clini-
cal practice, allowing for satisfactory visual quality post-operation. Therefore, this study 
aimed to assess the distribution of preoperative corneal biological parameters among 
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patients with cataract in Shenzhen, China, and to explore their association with risk 
factors.

Results
Comparison of the anterior corneal surface and whole cornea curvatures in right eyes

Flat axis curvature (k1), steep axis curvature (k2), and mean corneal curvature (km) of 
the simulated keratometry (SimK), as well as total corneal refractive power (TCRP) of 
the right eye, were assessed for normal distribution in 1,255 patients with a mean age of 
52.9 ± 21.3 years (Table 1). Given their non-normal distribution, a Wilcoxon signed-rank 
test was applied. There was a significant difference in all corneal k1, k2, and km values 
between SimK and TCRP. Age was positively correlated with the km values of both the 
SimK (correlation coefficient r = 0.56199) and TCRP (r = 0.25064) (both, P < 0.01) (Fig. 1).

Comparison of higher‑order aberrations in the anterior corneal surface of right eyes 

across different age groups

Comparison of corneal spherical aberrations in the right eyes across different age groups 
revealed variations in the spherical aberrations of the anterior surface, posterior sur-
face, and total cornea increased with age. There were significant among-group differ-
ences in spherical aberrations on the anterior surface, posterior surface, and total cornea 
(P < 0.001). Furthermore, Spearman’s correlation analysis demonstrated a positive cor-
relation between these parameters and age (Table 2).

Comparison of astigmatism axis changes in right eyes across different age groups

The proportion of with-the-rule astigmatism showed a decreasing trend as age 
increased, whereas oblique astigmatism showed a notable increase in the 40–60 years 
group, which plateaued in patients aged > 60  years. Meanwhile, ATR astigmatism 
showed a notable increase in patients aged 40–60  years and continued to increase in 
patients aged > 60 years before it eventually stabilized (Fig. 2).

Comparison of higher‑order aberrations in the anterior corneal surface between both eyes

A significant correlation was observed between spherical aberration (Z40, r = 0.79881), 
horizontal coma (Z31, r = -0.59467), vertical coma (Z3-1, r = 0.74806), and horizontal 
trefoil (Z33, r = -0.37542) between the eyes. There was no significant between-eye cor-
relation of the total HOA (r = 0.72091) and oblique trefoil (Z3-3, r = 0.51390) (Fig. 3).”

Relationship between corneal curvature and sex

The mean km of both the SimK and TCRP were found to be larger in females than in 
males. The corneal curvatures in females were significantly steeper than those in males 
(P < 0.01) (Fig. 4).

Discussion
We used the Pentacam instrument to measure and compare SimK and TCRP, specifi-
cally analyzing flat axis curvature, steep axis curvature, and mean corneal curvature. Sig-
nificant differences were observed between SimK and TCRP values.
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Previous research comparing SimK and Pentacam HR ray-tracing found that SimK 
values were 0.40–0.60 D higher than TCRP [14]. Savini et al. [15] reported that this dis-
crepancy depends on the anterior–posterior corneal radius ratio. In our study, mean 
corneal curvature assessed using SimK and TCRP showed significant variation. As age 
increased, both SimK and TCRP exhibited a gradual rise in mean corneal curvature. 

Fig. 1  Comparison of the correlations between the curvature of the anterior corneal surface and the whole 
cornea and age. A Simulated keratometry; B Total corneal refractive power. Age was positively correlated with 
the mean corneal curvature (km) of both SimK (A) and TCRP (B), with a significant correlation observed for 
both (P < 0.01)

Table 2  Comparison of higher-order aberrations in the anterior corneal surface of right eyes across 
different age groups

Note: Data were tested for normality using the Kolmogorov–Smirnov test. Since the data followed a normal distribution 
(p > 0.05 for all variables), analysis of variance (ANOVA) was applied for group comparisons

Age group (years) Anterior surface (μm) Posterior surface (μm) Total cornea (μm)

20–40 0.189 −0.146 0.146

41–60 0.282 −0.139 0.252

61–80 0.341 −0.119 0.338

Over 80 0.354 −0.108 0.362

Spearman’s correlation coefficient 0.50 0.43 0.57

P <0.001 <0.001 <0.001

Fig. 2  Astigmatism axis changes among different age groups
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Fig. 3  Correlation of high-order aberrations on the anterior corneal surface between both eyes. A Spherical 
aberration (Z40). B Higher-order aberrations (HOA). C Horizontal coma (Z31). D Vertical coma (Z3-1). E 
Horizontal trefoil (Z33). F Vertical trefoil (Z3-3). Significant correlations were observed for spherical aberration, 
horizontal coma, vertical coma, and horizontal trefoil (P < 0.01), while no significant correlation was found for 
vertical trefoil (Z3-3)

Fig. 4  Relationship between corneal curvature and sex. A Relationship between simulated keratometry and 
sex. B Relationship between total corneal refractive power and sex
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Linear regression indicated that the SimK-TCRP discrepancy decreased with age, at a 
rate of 0.00965 per year.

Prior studies [16] confirm that anterior and posterior corneal surfaces undergo sig-
nificant changes with aging. Our findings align with these reports, revealing that corneal 
curvature increases with age, primarily due to anterior corneal surface modifications. 
Hashemi et  al. [17] noted that anterior surface changes were more pronounced than 
posterior ones, supporting our inference that total corneal curvature shifts are predomi-
nantly driven by anterior corneal surface alterations.

The average anterior corneal spherical aberration (0.276 ± 0.165  μm) in this 
study is consistent with findings from Elkitkat et  al. (+0.26 ± 0.12  μm), Beiko et  al. 
(0.274 ± 0.089 μm), and Wang et  al. in Chinese patients. Anterior spherical aberration 
increased with age, while posterior spherical aberration declined, leading to an overall 
rise in total corneal spherical aberration. This suggests that the posterior corneal sur-
face may play a compensatory role in balancing corneal aberrations [18]. Unlike previous 
studies [19, 20], our results showed a substantial proportion of eyes with negative spher-
ical aberration, possibly due to differences in patient demographics or cataract severity.

Kuroda et  al. [21] suggested that nuclear cataracts cause local refractive changes, 
increasing higher-order aberrations. These changes may explain the observed varia-
tion in corneal spherical aberration, as nuclear cataracts alter wavefront aberration. Our 
methodology, which did not classify eyes based on lens opacity type, may have contrib-
uted to the divergence from previous findings [22].

Corneal spherical aberration significantly influences visual quality. Aspheric intraocu-
lar lenses (IOLs) aim to counteract these aberrations, targeting a postoperative whole-
eye aberration of 0–0.1  μm for optimal visual outcomes [19, 23]. However, our study 
highlights substantial individual differences in corneal spherical aberration among cata-
ract patients, suggesting that a standardized correction value may not be suitable for all 
cases. Factors such as pupil size, stromal pocket condition, and postoperative artificial 
lens positioning [24] contribute to patient-specific variations in visual outcomes. This 
may explain why some patients remain dissatisfied with vision quality despite aspheric 
IOL implantation.

Given these findings, preoperative measurement of corneal spherical aberration is cru-
cial for selecting appropriate aspheric IOLs. A personalized approach considering mul-
tiple patient factors may improve postoperative vision and enhance overall satisfaction.

Age-related changes in corneal astigmatism are well-documented, with studies indi-
cating a shift from with-the-rule (WTR) to against-the-rule (ATR) astigmatism over 
time [25]. Our study corroborates these findings, showing a decline in WTR astigma-
tism and an increase in ATR and oblique astigmatism with advancing age. These shifts 
align with previous research [8, 25] and emphasize the importance of incorporating age-
related astigmatic changes into surgical planning.

Koch et  al. [26] proposed that younger individuals benefit from posterior corneal 
astigmatism compensating for anterior corneal astigmatism. However, as age pro-
gresses, anterior astigmatism shifts toward ATR, potentially leading to under-correction 
if only anterior corneal curvature is considered. Additional factors, such as changes in 
eye wall tension, eyelid pressure, and extraocular muscle traction, may also contribute 
to age-related refractive alterations [27]. Our results suggest that corneal astigmatism is 
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dynamic and should be carefully evaluated when planning cataract surgery, particularly 
in older patients.

Our study analyzed higher-order aberrations (HOAs) in 873 patients and found sig-
nificant interocular correlations for spherical aberration (Z40), horizontal coma (Z31), 
vertical coma (Z3-1), and horizontal trefoil (Z33). These findings support prior research 
indicating moderate-to-high correlation in corneal HOAs between both eyes [28, 29]. 
However, total HOA and oblique trefoil (Z3-3) did not show a significant interocular 
relationship, suggesting variability in individual wavefront aberration profiles.

HOAs significantly influence retinal image quality and visual perception [4, 30]. Prior 
studies suggest that nuclear cataracts increase coma and spherical aberration, while pos-
terior subcapsular cataracts primarily affect trefoil aberrations [31, 32]. Similar to pre-
vious research [28, 29], we did not stratify HOA analysis by cataract type, which may 
explain discrepancies in interocular correlation findings.

Kim et al. [33] reported that nuclear cataract-induced HOAs could cause retinal triple 
imaging, contributing to visual disturbances. Wang et al. [28] found that anterior corneal 
surface HOAs exhibit mirror symmetry between eyes, which may help preserve bin-
ocular vision despite corneal irregularities. Tear film stability also plays a role in HOA 
fluctuations [34, 35], as an uneven tear film can increase wavefront distortions. Given 
the lack of effective surgical methods for reducing HOAs [36], preoperative assessment 
remains essential for optimizing refractive outcomes.

Our study revealed that corneal curvature, as measured by SimK and TCRP, were 
observed to be lower in male patients compared to female patients. These findings align 
with previous research, indicating that female corneas tend to be steeper than male cor-
neas (P < 0.01). Similar to other physiological differences, sex-related variations in ocular 
structure may contribute to distinct refractive outcomes [37, 38].

Although age broadly affects multiple ocular parameters, sex-related differences are 
often more subtle and inconsistent across studies. Corneal curvature remains one of the 
most reliably documented sex-dependent parameters, whereas other biometric varia-
tions (e.g., axial length, lens thickness) tend to show smaller or less consistent differ-
ences. Notably, males typically exhibit longer axial lengths and flatter corneal curvatures 
compared to females [39].

These findings highlight the need to consider sex differences in preoperative surgical 
planning. Traditional IOL power calculation formulas do not account for sex-specific 
variations, yet even minor corneal modifications can lead to substantial changes in 
refractive power. Implementing sex-adjusted methodologies could enhance postopera-
tive visual acuity predictions and improve surgical outcomes.

While this study provides valuable insights, certain limitations should be acknowl-
edged. As a retrospective study, potential selection bias cannot be entirely excluded. 
However, since patient selection, surgical treatment, and postoperative follow-up were 
not influenced by artificial criteria, the impact of selection bias is likely minimal. Addi-
tionally, since our research is based on hospital-based clinical data, the findings may not 
be fully representative of the broader Chinese population. A larger-scale, community-
based epidemiologic survey would be needed to validate these results.

Another limitation is the lack of stratification based on cataract type. Variations in 
nuclear, cortical, and posterior subcapsular cataracts may influence certain corneal 
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parameters, such as HOAs and spherical aberration. Future studies could explore 
these distinctions to refine surgical approaches further.

Despite these limitations, our study presents novel findings on the distribution of 
preoperative corneal morphological parameters in Chinese patients with cataract. 
This is the first large-scale analysis using the Pentacam instrument to assess ocular 
biometric variations by age, sex, and interocular correlation. Our results offer valu-
able insights for cataract surgery planning and may help refine patient-specific surgi-
cal strategies.

We observed significant age-related changes in corneal curvature, spherical aberra-
tion, and astigmatism, as well as notable sex differences in corneal parameters. Addition-
ally, interocular correlations in HOAs suggest that binocular vision may compensate for 
asymmetrical corneal aberrations. These findings emphasize the need for personalized 
surgical planning to optimize postoperative visual outcomes in cataract patients.

Methods
Participants

The study was conducted following the tenets of the Declaration of Helsinki. The 
study involved human participants and was approved by the Institutional Review 
Board of Shenzhen Eye Hospital (2023KYPJ065). Written informed consent for par-
ticipation was not required for this study in accordance with the national legislation 
and institutional requirements.

In this retrospective case series study, clinical data of patients with cataract across 
various age groups who attended our hospital between June 2020 and March 2023 
were collected. The right eyes of patients who met the inclusion criteria were chosen 
for observation and analysis. The left eyes of the same patients were included in the 
study for comparison and correlation analyses involving both eyes. A total of 1,255 
right eye cases were included, along with 873 cases involving both eyes; accordingly, 
we included 1,255 patients (2,128 eyes). The reason for the difference in the number 
of cases (873 vs. 1,255) is that not all patients had complete bilateral data available for 
analysis. Some patients had only one eye meeting the inclusion criteria, or data for the 
contralateral eye were incomplete or unavailable due to technical or clinical reasons 
(e.g., poor quality scans, prior surgery, or other ocular conditions in the contralateral 
eye). Additionally, the study sample comprised 578 male eyes and 677 female eyes. 
The patients were categorized into four groups based on age: Group A (20–40 years, 
427 cases), Group B (41–60 years, 315 cases), Group C (61–80 years, 373 cases), and 
Group D (>81 years, 140 cases).

The inclusion criteria were as follows: (1) satisfactory compliance, an ability to 
cooperate until completion of the Pentacam examination; (2) absence of other eye 
diseases; (3) absence of prior eye surgery; and (4) cases wherein the Pentacam for 
anterior segment analysis passed the quality status assessment.

The exclusion criteria were as follows: (1) conditions such as glaucoma, dry eye syn-
drome, and high myopia; (2) patients with a history of myopic laser surgery; (3) con-
tact lens users; (4) patients who underwent keratoplasty; and (5) patients with various 
corneal diseases.
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Measurement method

Preoperative optical biometry was performed using the Pentacam AXL software (ver-
sion 1.21r43) in all cases. The Pentacam AXL is based on Scheimpflug imaging technol-
ogy and ray tracing principles, which allow for a comprehensive analysis of the anterior 
segment of the eye. The device uses a red LED light to automatically locate the corneal 
apex, followed by a  blue slit light source  (wavelength 475  nm) to illuminate the cor-
nea. The camera, tilted at 45°, rotates 360° to capture a series of oblique cross-sectional 
images of the cornea. These images are then reconstructed to generate a three-dimen-
sional model of the anterior segment, providing detailed information about corneal cur-
vature, thickness, and other relevant parameters.

Simulated Keratometry (SimK)

SimK refers to the refractive power (or curvature) of the anterior corneal surface. It is 
calculated based on the curvature of the anterior cornea, typically measured along the 
flat (k1) and steep (k2) meridians. The mean corneal curvature (km) is derived from 
these values. SimK assumes a fixed ratio between the anterior and posterior corneal cur-
vatures, which is a standard approach in clinical practice for estimating corneal refrac-
tive power [12].

Total corneal refractive power (TCRP)

TCRP represents the  total refractive power of the cornea, taking into account both 
the anterior and posterior corneal surfaces. Unlike SimK, TCRP is calculated using ray 
tracing technology, which considers the actual path of light through the cornea. This 
method incorporates data on corneal thickness and the curvature of both the anterior 
and posterior corneal surfaces, providing a more accurate measurement of the cornea’s 
total refractive power [13].

The Pentacam AXL automatically measures both SimK and TCRP, along with other 
relevant parameters, such as corneal astigmatism, higher-order aberrations, and corneal 
thickness. These measurements are crucial for preoperative planning in cataract surgery, 
particularly for intraocular lens (IOL) power calculation and the selection of appropriate 
surgical techniques.

The examination was performed on the pupil under dark room conditions. During pre-
examination, patients were instructed to blink to maintain a uniform distribution of the 
tear film to minimize error. The patients were advised to keep both eyes wide open and 
fixate on a flashing red light. Upon focusing, the machine automatically reconstructed 
the three-dimensional structure of the anterior segment using 25 frames of Scheimpflug 
images.

The recorded measurements included the flat axis curvature (k1), steep axis curvature 
(k2), and mean corneal curvature (km) of the anterior corneal surface and the whole 
cornea of the examined eye. Corneal astigmatism and its axis were extracted from the 
anterior surface of the cornea. The type of corneal astigmatism was determined based 
on the orientation of the steep axis: with-the-rule astigmatism 90 ± 30°, against-the-rule 
(ATR) astigmatism 0 ± 30°, and oblique astigmatism for orientations in between. Higher-
order aberrations within a 6-mm diameter of the anterior corneal surface were recorded, 
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including total higher-order aberrations (HOA), horizontal coma (Z31), vertical coma 
(Z3-1), horizontal trefoil (Z33), vertical trefoil (Z3-3), and spherical aberration (Z40). All 
examinations were conducted by the same professionally trained technician.

Stratification by gender

In addition to stratifying by age, we also conducted analyses based on gender to exam-
ine potential differences in corneal parameters between male and female patients. Com-
parisons were made between the groups using the appropriate non-parametric tests, as 
described for the age comparisons. The results of these comparisons are summarized 
in Table  1, where “Test statistic1” represents the age based startification, whlie “Test 
statistic2” represents gender-based stratification.

Statistical analysis

All statistical analyses were performed using the SAS 9.4 software. The Kolmogorov–
Smirnov test, combined with graphical methods, was used to test the normality of data 
distribution. The normality test confirmed that the higher-order aberration (HOA) data 
were normally distributed (p > 0.05 for all variables). Given this, analysis of variance 
(ANOVA) was applied to compare HOA values across different age groups. Spearman’s 
correlation analysis was used to analyze the correlation between two continuous vari-
ables. The significance level was set at α = 0.05.
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