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Purpose: To evaluate functional visual outcomes, defocus characteristics, pupil-dependent intraocular higher-order aberrations 
(HOAs), and their interrelationships in eyes implanted with a segmented refractive multifocal intraocular lens (MIOL), a design 
intended to provide both near and intermediate visual function.
Methods: This retrospective observational study included 88 eyes (64 patients) implanted with a segmented refractive MIOL (SBL-3) 
and a monofocal IOL (Akreos Adapt AO) as a reference. Postoperative functional visual acuity at distance, intermediate, and near was 
assessed. Distance-corrected defocus curves were obtained. Intraocular wavefront aberrations were measured under bright and dim 
lighting conditions, and pupil diameter was recorded. Correlation analyses were performed to explore the relationships between pupil 
diameter, intraocular HOAs, and intermediate visual acuity in the SBL-3 group.
Results: Distance visual acuity did not differ significantly between groups. The SBL-3 group demonstrated significantly better 
uncorrected and distance-corrected intermediate and near visual acuity compared with the monofocal reference group. The defocus 
curve of the SBL-3 IOL showed a relatively smooth functional visual profile across intermediate defocus levels. Intraocular HOAs, 
particularly coma and trefoil, were significantly higher in the SBL-3 group and exhibited strong pupil-dependent behavior under both 
bright and dim conditions. However, no significant linear correlations were observed between intraocular HOAs and intermediate 
visual acuity.
Conclusion: The segmented refractive multifocal IOL provided improved functional intermediate vision while exhibiting pupil- 
dependent increases in intraocular HOAs. These findings provide clinically relevant insights into the pupil-dependent optical behavior 
of segmented refractive MIOLs and suggest that increased HOAs may not necessarily compromise functional intermediate visual 
acuity.
Keywords: segmented refractive multifocal intraocular lens, intermediate visual acuity, higher-order aberrations, pupil-dependent 
optical behavior

Introduction
Cataract surgery has evolved from merely aiming at vision restoration to a surgical procedure dedicated to optimizing 
functional vision at all distances.1 In modern daily activities, intermediate-distance vision plays a crucial role in tasks 
such as operating computers, checking instrument panels, and indoor activities.2 Therefore, the design of intraocular 
lenses (IOLs) that can provide good intermediate-distance visual performance while taking into account distance vision 
has attracted increasing attention.3
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Multifocal intraocular lenses (MIOLs), including diffractive and refractive designs, have been developed to address 
spectacle dependence.4 However, traditional multifocal IOLs are often associated with increased higher-order aberrations 
(HOAs), photic phenomena, and reduced contrast sensitivity, which may compromise optical quality.5 Segmented 
refractive multifocal IOLs represent a distinct design concept, characterized by an asymmetric near segment that 
redistributes light energy to extend functional vision rather than creating discrete focal points.6

Owing to their asymmetric optical design, segmented refractive multifocal IOLs exhibit pupil-dependent optical 
behavior.7 Previous optical bench and clinical studies have demonstrated that pupil size may influence the magnitude and 
profile of induced HOAs, particularly coma and trefoil.8 In addition, several studies have reported that the relationship 
between HOAs and functional visual performance is complex and not strictly linear, with certain aberration profiles 
potentially contributing to an extended depth of focus rather than deteriorating visual quality.9–11

Despite increasing clinical use of segmented refractive multifocal IOLs, the relationship between pupil diameter, 
intraocular HOAs, and functional intermediate vision remains incompletely understood. In particular, it is unclear 
whether pupil-dependent increases in HOAs directly compromise intermediate visual acuity or contribute to an extension 
of depth of focus through non-linear optical mechanisms.

From a clinical perspective, understanding pupil-dependent optical behavior is important for optimizing patient 
selection and preoperative counseling when considering implantation of multifocal IOLs.

Therefore, the purpose of this study was to evaluate postoperative functional visual acuity, defocus characteristics, 
and pupil-dependent intraocular HOAs in eyes implanted with a segmented refractive MIOL, using a monofocal IOL as 
a reference. We specifically hypothesized that pupil-dependent increases in intraocular HOAs would not necessarily 
compromise functional intermediate visual acuity, suggesting a non-linear relationship between optical aberrations and 
visual performance.

Materials and Methods
Study Design and Participants
This retrospective observational study analyzed anonymized clinical data from consecutive patients who underwent uncom
plicated cataract surgery with implantation of either a segmented refractive MIOL (SBL-3; Lenstec Inc., St. Petersburg, FL, 
USA) or a monofocal IOL (Akreos Adapt AO; Bausch & Lomb, Rochester, NY, USA) at Peking University First Hospital 
between November 2017 and January 2019. A total of 88 eyes from 64 patients were included in the study. The monofocal IOL 
group was included as a reference control to provide a baseline comparison of visual and optical outcomes.

Inclusion criteria were age-related cataract, absence of ocular comorbidities affecting visual function, and availability 
of complete postoperative visual acuity and wavefront aberration data. Exclusion criteria included previous ocular 
surgery, corneal pathology, retinal disease, glaucoma, pupillary abnormalities, neuro-ophthalmological problems, intrao
perative complications, or postoperative complications that could influence visual outcomes.

Surgical Procedure
All surgeries were performed by one experienced surgeon using a standard phacoemulsification technique through a clear 
corneal incision. In the SBL-3 group, a SBL-3 MIOL was implanted in the capsular bag. In the reference group, an 
Akreos Adapt AO IOL was implanted.

Target postoperative refraction was emmetropia in all eyes. No intraoperative or postoperative complications were 
observed.

Postoperative Examinations
Postoperative examinations were performed at 1 month after surgery. Uncorrected and corrected distance visual acuity 
(UDVA and CDVA) were measured at 4 m using standardized logMAR charts. Intermediate visual acuity was assessed at 
80 cm, which represents a standard intermediate viewing distance in daily activities, and near visual acuity was measured 
at 40 cm. Both uncorrected and distance-corrected intermediate and near visual acuities (UIVA, DCIVA, UNVA, and 
DCNVA) were recorded.

https://doi.org/10.2147/OPTH.S598921                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Clinical Ophthalmology 2026:20 2

Cui and Yang                                                                                                                                                                        

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



Defocus Curve Assessment
Distance-corrected defocus curves were obtained by adding spherical lenses in 0.50 diopter (D) steps from +0.50 D to 
−3.00 D while maintaining best distance correction. Visual acuity at each defocus level was recorded in logMAR units.

Wavefront Aberration Analysis
Intraocular wavefront aberrations were measured using a Hartmann–Shack aberrometer OPD-Scan III (Nidek Co., Ltd., 
Gamagori, Aichi, Japan). Measurements were obtained under bright and dim conditions. Pupil diameter was recorded 
simultaneously.

Total HOAs (root mean square, RMS), coma, trefoil, and spherical aberration were analyzed. Only intraocular 
aberrations were included in the analysis.

Statistical Analysis
Statistical analysis was performed using SPSS software (version 26.0; IBM Corp., Armonk, NY, USA). Continuous 
variables are presented as mean ± standard deviation. Normality of data distribution was assessed using the Shapiro–Wilk 
test. Comparisons between groups were performed using independent-samples t tests or nonparametric tests as appro
priate. Categorical variables were compared using the chi-square test.

Spearman correlation analyses were performed to evaluate the relationships between pupil diameter, intraocular 
HOAs, and functional intermediate visual acuity in the SBL-3 group. Correlation coefficients and corresponding P values 
were calculated. A P value of <0.05 was considered statistically significant.

Because some patients contributed both eyes to the analysis, inter-eye correlation may exist. In this study, both eyes 
were included in the statistical analysis, and no specific statistical adjustment for clustered data (such as generalized 
estimating equations or mixed-effects models) was applied. Given the exploratory nature of this study and the relatively 
limited sample size, inclusion of both eyes was intended to maximize statistical power. This limitation has been 
acknowledged and discussed in the Discussion section.

Ethics Statement
This study was conducted in accordance with the principles of the Declaration of Helsinki. According to the institutional 
regulations of Peking University First Hospital, retrospective observational studies using fully anonymized clinical data 
are exempt from formal ethical approval. The Ethics Committee of Peking University First Hospital confirmed that 
formal approval was not required. Patient data were anonymized prior to analysis, and the requirement for informed 
consent was waived due to the retrospective design.

Results
Baseline Characteristics
A total of 88 eyes from 64 patients were included in the analysis, including 46 eyes implanted with the SBL-3 and 42 
eyes implanted with the Akreos Adapt AO. Baseline demographic and ocular characteristics are summarized in Table 1. 
No significant differences were observed between groups in terms of age, sex distribution, keratometric values, or 
preoperative pupil diameter. Axial length was slightly longer in the Akreos Adapt AO group compared with the SBL-3 
group (P = 0.048).

Postoperative Functional Visual Acuity
Postoperative functional visual acuity outcomes are shown in Table 2. There were no significant differences between 
groups in UDVA and CDVA. In contrast, the SBL-3 group demonstrated significantly better UIVA and DCIVA compared 
with the Akreos Adapt AO group (both P ≤ 0.001). Similarly, UNVA and DCNVA were significantly better in the SBL-3 
group (P < 0.01).
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Defocus Curve
The distance-corrected defocus curve of the SBL-3 is shown in Figure 1. The SBL-3 lens demonstrated a relatively 
smooth functional visual acuity profile across intermediate defocus levels, with gradual decline toward higher negative 
defocus.

Pupil Diameter and Intraocular HOAs
Intraocular HOAs measured under bright and dim conditions are summarized in Table 3. Pupil diameter did not differ 
significantly between groups under either lighting condition. However, total HOAs, coma, and trefoil were significantly 
higher in the SBL-3 group compared with the Akreos Adapt AO group under both bright and dim conditions (all P < 
0.001). Spherical aberration did not differ significantly between groups.

Table 1 Baseline Demographic and Ocular Characteristics of the Study 
Population

Parameter SBL-3 Group Akreos Adapt AO Group P value

Eyes (patients) 46 (33) 42 (31) NA

Age (years) 71.51 ± 10.76 74.06 ± 7.01 0.407

Sex (male/female) 25 / 21 20 / 22 0.456
Axial length (mm) 23.54 ± 0.93 24.09 ± 1.53 0.048

K1 (D) 43.82 ± 1.65 43.80 ± 2.08 0.955

K2 (D) 44.50 ± 1.55 44.52 ± 1.95 0.966

Notes: Values are presented as mean ± standard deviation unless otherwise indicated. 
Abbreviations: D, diopters; mm, millimeters; NA, not applicable.

Table 2 Postoperative Functional Visual Acuity Outcomes at Different Viewing 
Distances

Parameter (logMAR) SBL-3 Group Akreos Adapt AO Group P value

UDVA 0.05 ± 0.13 0.10 ± 0.12 0.106

CDVA 0.02 ± 0.09 −0.01 ± 0.04 0.888

UIVA 0.10 ± 0.13 0.31 ± 0.09 <0.001
DCIVA 0.11 ± 0.14 0.29 ± 0.09 0.001

UNVA 0.22 ± 0.20 0.53 ± 0.25 <0.001

DCNVA 0.21 ± 0.19 0.47 ± 0.26 0.003

Abbreviation: logMAR, logarithm of the minimum angle of resolution.

Figure 1 Distance-corrected defocus curve of the segmented refractive MIOL. Distance-corrected visual acuity (logMAR) across different defocus levels from +0.50 D to 
−3.00 D in eyes implanted with the SBL-3. Data are presented as mean ± standard deviation.
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Correlation Analysis
Correlation analysis in the SBL-3 group revealed strong positive correlations between pupil diameter and total HOAs, 
coma, and trefoil under both bright and dim conditions (all P < 0.001; Table 4). However, no significant correlations were 
observed between total HOAs and intermediate visual acuity (UIVA or DCIVA).

Relationship Between Pupil Diameter and HOAs
Scatter plots illustrating the relationship between pupil diameter and intraocular HOAs under dim conditions are shown 
in Figure 2. A strong positive correlation was observed between pupil diameter and both total HOAs and coma.

Table 3 Pupil Diameter and Intraocular HOAs Under Different Lighting 
Conditions

Parameter SBL-3 Group Akreos Adapt AO Group P value

Bright condition

Pupil diameter (mm) 3.765±0.719 3.596±0.537 0.223

Total HOA (RMS, μm) 0.616±0.260 0.168±0.080 <0.001
Coma (μm) 0.151±0.082 0.062±0.036 <0.001

Trefoil (μm) 0.562±0.252 0.103±0.061 <0.001

Spherical aberration (μm) 0.036±0.034 0.033±0.027 0.569

Dim condition
Pupil diameter (mm) 4.614±0.915 4.523±0.863 0.631

Total HOA (RMS, μm) 0.949±0.416 0.288±0.184 <0.001

Coma (μm) 0.291±0.237 0.132±0.146 <0.001
Trefoil (μm) 0.801±0.303 0.151±0.084 <0.001

Spherical aberration (μm) 0.147±0.262 0.090±0.087 0.167

Abbreviations: HOA, higher-order aberration; RMS, root mean square.

Table 4 Correlations Between Pupil Diameter, 
Intraocular HOAs, and Functional Visual Acuity 
in the SBL-3 Group

Parameter r P value

Bright condition
Pupil diameter vs Total HOA 0.901 <0.001

Pupil diameter vs Coma 0.782 <0.001

Pupil diameter vs Trefoil 0.860 <0.001

Dim condition

Pupil diameter vs Total HOA 0.871 <0.001
Pupil diameter vs Coma 0.867 <0.001

Pupil diameter vs Trefoil 0.837 <0.001

Functional visual acuity

Total HOA vs UIVA −0.122 0.528

Total HOA vs DCIVA 0.017 0.932

Abbreviations: HOA, higher-order aberration; UIVA, uncor
rected intermediate visual acuity; DCIVA, distance-corrected 
intermediate visual acuity.
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Discussion
The present study evaluated functional visual outcomes, defocus characteristics, pupil-dependent intraocular HOAs, and 
their interrelationships in eyes implanted with a segmented refractive MIOL. The inclusion of a monofocal IOL group 
allows comparison with a conventional optical design and helps contextualize the optical behavior of the segmented 
refractive MIOL. The principal findings can be summarized as follows: first, the segmented refractive IOL provided 
satisfactory distance vision and significantly improved intermediate and near visual acuity compared with a monofocal 
reference lens; second, intraocular HOAs, particularly coma and trefoil, were significantly increased and strongly 
correlated with pupil diameter under different lighting conditions; third, despite the pupil-dependent increase in 
HOAs, no linear correlation was observed between HOAs and intermediate visual acuity.

The increase in HOAs observed in the segmented refractive IOL group is consistent with the asymmetric optical 
design of this lens type. Unlike rotationally symmetric diffractive designs, segmented refractive IOLs intentionally 
redistribute light energy through an asymmetric near segment, which inherently induces certain HOAs, particularly coma 
and trefoil.12,13 Optical bench and clinical wavefront studies have previously demonstrated that such aberration profiles 
are characteristic of segmented refractive multifocal designs rather than indicative of suboptimal lens performance.14,15

A notable finding of this study is the strong pupil-dependent behavior of intraocular HOAs in eyes implanted with the 
segmented refractive IOL. Pupil diameter showed a robust positive correlation with total HOAs, coma, and trefoil under 
both bright and dim conditions, whereas pupil size itself did not differ between IOL groups. These findings indicate that 
the observed optical changes are primarily lens-related and become more pronounced with physiological pupil dilation 
rather than being attributable to interindividual differences in pupil size.16,17

Despite the significant and pupil-dependent increase in HOAs, no linear correlation was identified between total 
HOAs and intermediate visual acuity. This finding suggests that the relationship between optical aberrations and 
functional vision in segmented refractive multifocal IOLs is not purely linear.18 Certain aberration profiles may 
contribute to an extension of depth of focus without directly compromising functional intermediate vision, potentially 
through non-linear optical effects or neural adaptation mechanisms.10,11

Although the magnitude of HOAs observed in the segmented refractive MIOL group may appear relatively high 
compared with monofocal IOLs, such aberration profiles are an inherent consequence of the asymmetric optical design.19 

These induced aberrations, particularly coma and trefoil, may contribute to an extension of depth of focus rather than 
a deterioration of functional vision. This phenomenon has been described in previous studies,20 suggesting that certain 
aberration patterns may enhance intermediate visual performance through non-linear optical mechanisms and neural 
adaptation.

Several recent studies have explored the relationship between higher-order aberrations (HOAs) and functional vision 
in multifocal intraocular lenses (IOLs). For example, a study by Rua Amaro21 found that increased HOAs are common in 
segmented refractive IOLs and may contribute to the extension of depth of focus, similar to our findings. Additionally, 

Figure 2 Relationship between pupil diameter and intraocular HOAs under dim conditions in the SBL-3 group. (A) Pupil diameter vs total HOA (dim condition): Scatter 
plot showing the relationship between pupil diameter and total intraocular HOAs (root mean square). (B) Pupil diameter vs coma (dim condition): Scatter plot showing the 
relationship between pupil diameter and coma aberration. Each dot represents one eye. Solid lines indicate linear regression fits.
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Diao22 reported that pupil diameter has a significant role in modulating these optical errors, which aligns with our results 
showing pupil-dependent HOA changes. However, other recent studies such as Parimi23 observed less impact of HOAs 
on functional vision, suggesting that clinical outcomes may depend not only on optical aberrations but also on neural 
adaptation and patient-specific factors. Our findings add to this body of literature by providing clinical data from a real- 
world postoperative population and emphasize the importance of considering pupil-dependent aberrations when selecting 
IOLs for cataract patients.

Compared with previous studies, the present study provides a comprehensive clinical evaluation integrating func
tional visual acuity, defocus characteristics, and pupil-dependent intraocular HOAs within the same cohort. In particular, 
this study uniquely focuses on the relationship between pupil diameter, intraocular aberrations, and intermediate visual 
acuity, which has not been fully explored in prior clinical investigations of segmented refractive MIOLs.

Furthermore, the inclusion of a monofocal IOL as a reference group allows better contextualization of the optical and 
functional outcomes, enhancing the clinical interpretability of the findings. These aspects distinguish the present study 
from previous reports and highlight its contribution to understanding the pupil-dependent optical behavior of segmented 
refractive MIOLs in real-world clinical settings.

From a clinical standpoint, these findings provide clinically relevant insights into the optical behavior of segmented 
refractive MIOLs and may assist surgeons in optimizing patient selection and preoperative counseling. While pupil 
dilation accentuates HOAs, this does not necessarily translate into inferior intermediate visual function. Preoperative 
assessment of pupil behavior may therefore help identify suitable candidates and optimize patient counseling.24

This study has several limitations. Its retrospective design and relatively short follow-up period (1 month) may limit 
the generalizability of the findings and may not fully capture long-term visual adaptation after MIOL implantation. In 
addition, both eyes from some patients were included in the analysis, which may introduce inter-eye correlation and 
affect statistical independence. Subjective patient-reported outcomes, such as spectacle independence, dysphotopsia, and 
contrast sensitivity, were not evaluated, which may limit the comprehensive assessment of visual quality and patient 
satisfaction associated with this IOL design. In addition, although correlations were analyzed, causal relationships 
between optical aberrations and visual performance cannot be inferred. Future prospective studies incorporating patient- 
reported outcomes and longer follow-up are warranted to further elucidate the complex relationship between pupil- 
dependent optical behavior and functional vision.

In addition, no formal sample size calculation or statistical power analysis was performed due to the retrospective 
design of the study, which may limit the statistical robustness of the findings.

Conclusion
In conclusion, the segmented refractive MIOL provided satisfactory distance vision and improved intermediate visual 
performance. Although intraocular HOAs increased in a pupil-dependent manner, these changes did not show a linear 
association with intermediate visual acuity, suggesting a non-linear optical mechanism contributing to extended depth of 
focus. These findings highlight the pupil-dependent optical behavior of segmented refractive MIOLs and may assist in 
optimizing patient selection and preoperative counseling. However, the observed associations should be interpreted with 
caution, as no causal relationships can be inferred from this study.
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