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Purpose: This study was designed to compare the clinical outcomes of three cylindrical treatment strategies using manifest, topo
graphic, and Zhang & Zheng vector-compensated refraction (ZZ VR) cylinders, for topography-guided laser-assisted in situ keratomi
leusis (LASIK) and to identify the laser programming strategy that optimizes refractive astigmatism outcomes and visual acuity.
Methods: Consecutive patients referred for therapeutic refractive surgery between March and September 2018 at a single center were 
prospectively analyzed. Using double-masked simple randomization, patients were randomly assigned to undergo treatment based on 
manifest cylinder, topographic cylinder, and ZZ VR cylinder strategies. Uncorrected distance visual acuity and astigmatic refraction 
were analyzed preoperatively and 6 months postoperatively.
Results: A total of 138 eyes from 71 patients met the inclusion criteria. The manifest group consisted of 46 eyes in 24 patients, the 
topographic group consisted of 43 eyes in 22 patients, and the ZZ VR group consisted of 49 eyes in 25 patients. The absolute residual 
cylindrical refractions at 6 months postoperatively in these three groups were 0.69 ± 0.32 D, 0.58 ± 0.31 D, and 0.42 ± 0.19 D, 
respectively (P < 0.001; adjusted P < 0.01 for manifest vs ZZ VR, adjusted P = 0.08 for topographic vs ZZ VR). The percentages of 
postoperative absolute residual cylindrical power within 0.50 D in the manifest, topographic, and ZZ VR groups were 30.4%, 55.8%, 
and 59.2%, respectively (P = 0.01; adjusted P = 0.06 for manifest vs topographic, adjusted P = 0.02 for manifest vs ZZ VR).
Conclusion: The ZZ VR strategy may achieve better outcomes, as determined by cylindrical correction and visual activity, during 
topography-guided LASIK.
Clinical Trial Registration Number: ChiCTR1900025779.
Keywords: astigmatism, corneal wavefront aberration, keratomileusis, laser in situ, refraction

Introduction
The primary objective of subjective refraction in refractive surgery is to identify the best combination of spherical and 
cylindrical lenses to achieve optimal distance visual acuity. Higher-order aberration (HOA) guided keratorefractive 
surgery based on Zernike polynomials has emerged as a promising approach to improve visual acuity and focus.1 In 
contrast to optical lens or spectacle glasses correction, however, corneal tissue can only be ablated, not increased, 
reducing the ability to achieve rational ablation that adheres to the Zernike orthogonal property. Correction of certain 
higher-order items may lead to changes in lower-order items, complicating the ability to optimize the traditional surgical 
strategy of HOA plus manifest refraction correction, particularly for eyes with higher HOA. Despite the need to 
compensate for spherocylindrical components, few studies to date have evaluated their quantitative relationship.2

Topography-guided laser-assisted in situ keratomileusis (LASIK) was used primarily to correct highly irregular corneas 
by reducing HOA, with any remaining spherocylindrical issues addressed by further treatment.3–5 Because of advances in 
accuracy and tracking technology,6,7 topography-guided LASIK is now used as a customized keratorefractive surgery in 
clinical settings for virgin eyes.8–10 It may therefore be clinically significant to minimize residual refraction, particularly 
cylindrical issues, which can affect both distance and near vision and are difficult to compensate for by accommodation.
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The standard strategy for topography-guided LASIK involves using clinical refraction to determine ablation data for 
lower-order aberration (LOA). However, patients with high levels of HOA corneal morphology may experience residual 
refraction issues without proper spherocylindrical compensation. An alternative approach is topography-modified refraction 
or Layer Yolked Reduction of Astigmatism, which adjusts the cylindrical ablation data based on anterior corneal topography 
and reshapes the anterior corneal surface into a regular ellipsoid.11–13 This method, however, may result in high residual 
refraction issues for patients with high levels of intraocular astigmatism. These concerns may be addressed by using the 
Zhang & Zheng vector-compensated refraction (ZZ VR) strategy, which calculates the LOA ablation value after spherocy
lindrical compensation (Figure 1). Because these three approaches use almost identical spherical equivalent correction, the 
main objectives of this study were to analyze differences among these three approaches in cylindrical correction and visual 
activity and to identify the laser programming strategy that optimizes refractive astigmatism outcomes and visual acuity.

Materials and Methods
Ethical Statement
The study protocol was approved by the Medical Research Ethics Committee of Hangzhou MSK Eye Hospital (approval 
number: MSKLL20180906). All procedures in this study adhered to the tenets of the Declaration of Helsinki. All 
participants were informed about the risks and benefits of the procedure and provided written informed consent. This 
study was registered in the Chinese Clinical Trials Registry (registration number: ChiCTR 1900025779).

Figure 1 (A) Schematic diagram illustrating the astigmatic components. (B–D) Simulated effects of the (B) manifest, (C) topographic and (D) Zhang & Zheng vector- 
refraction (ZZ VR) strategies for treating cylindrical aberrations in refractive surgery. (B) Double correction of the cylinder contribution of higher-order aberration after 
using the manifest cylindrical strategy. (C) Non-correction of the cylinder contribution of the posterior corneal surface and lens after using the topographic cylindrical 
strategy. (D) Correction of all four parts of subjective cylindrical refraction after using the ZZ VR strategy.
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Study Design and Patients
This prospective study analyzed a consecutive series of patients who were referred to our hospital for therapeutic 
refractive surgery between March and September of 2018 and who underwent a topography-guided LASIK procedure for 
correcting myopia and astigmatism. Using double-masked simple randomization, patients were randomly assigned to 
three groups and underwent surgery using manifest cylinder, topographic cylinder and ZZ VR cylinder strategies.

Eyes were included if they were: 1) Naïve to refractive treatment; and 2) Had a transparent corneal optical region. 
Patients who experienced postoperative complications, such as corneal infections, abnormal intraocular pressure, or 
diffuse lamellar keratitis, were excluded from the study.

ZZ VR Strategy
The ZZ VR strategy incorporates both clinical refraction and refraction affected by HOA, utilizing vector analysis to 
determine the predicted therapeutic correction for astigmatic power and axis.

The initial step involved identifying the HOA item ablation that necessitated cylindrical compensation and the HOA 
item ablation that necessitated spherical compensation. This study focused solely on cylindrical compensated analysis. 
Because the Zernike polynomials for astigmatism at 45° and 135° and at 0° and 90° contained sin(2θ) and cos(2θ), 
respectively,14 any HOA polynomial containing sinθ, cosθ, sin(2θ), or cos(2θ) required cylindrical compensation during 
ablation correction. This was due to the ability to only ablate, not enlarge, corneal tissue, as well as the cosine effect of 
the excimer laser. Thus, compensations for primary coma and secondary astigmatism were required during third- and 
fourth-order ablation. Higher-order polynomials were temporarily disregarded, as their influence was significantly 
reduced by the lower effect of higher orders.

Subsequently, the compensations needed to correct primary coma and secondary astigmatism during ablation were 
determined. When correcting primary vertical and horizontal comas, the compensations for cylindrical power were CC7 

and CC8, respectively, which can be calculated using Equations 1 and 2. When correcting secondary vertical and 
horizontal astigmatism, the compensations for cylindrical power were CC11 and CC13, respectively, which can be 
calculated using Equations 3 and 4.

C7 and C8 represent the primary vertical and horizontal coma, respectively, whereas C11 and C13 represent 
secondary vertical and horizontal astigmatism, respectively, which were addressed as part of the planned ablation. 
These values were obtained from the Zernike data contained within the ablation pattern of the excimer laser device. Z1 

and Z2 were two constants calculated based on the maximum optical path difference of the intersecting meridians with 
a fixed diameter in the unit quantity of the primary vertical or horizontal coma and the secondary vertical or horizontal 
astigmatism polynomial, respectively. The corresponding axis positions for CC7, CC8, CC11 and CC13 were 180, 90, 135 
and 90 degrees, respectively, with their respective positions denoted as AC7, AC8, AC11, and AC13.

After determining compensation values for the above four groups of astigmatism, compensation of subjective 
cylindrical refraction was determined by successive vector subtraction of the subjective cylinder, resulting in 
a predicted cylinder with power CZZ and axis AZZ. Although the detailed derivation has been patented (patent No.: 
ZL 2019 1 0005564.7, Authorization Announcement No.: CN 109491083 B), the general ZZ VR strategy is open-access 
and can be found at www.zzcal.com.

Figure 2 shows an illustrative case for a patient with a manifest refraction of −5.75 diopters sphere (DS), −1.25 
diopters cylinder (DC) × axis 85, who underwent the four sequential steps of the ZZ VR strategy to achieve 
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a compensated refraction of −6.01 DS, −0.74 DC × axis 90. Notably, the compensated refraction was not adjusted by the 
nomogram.

Manifest Group and Topographic Group
In the manifest group, the source of cylindrical refraction was the manifest refraction. In the topographic group, the 
cylindrical refraction was determined by the measured data provided by the excimer device software (EX500 SP3, Alcon, 
Fort Worth, TX, USA).

Data Collection
Patient data were collected, including pre-operative baseline characteristics and topography (Topolyzer Vario, Alcon). 
The manifest refraction was determined by combining subjective and objective methods (ARK-1, Nidek, Aichi, Japan), 
and the axial length was obtained by biometry (IOLMaster 700, Carl Zeiss, Jena, Germany). Cylindrical refraction within 
a 4-mm zone was obtained using the wavefront aberration device (WaveLight Analyzer, Alcon) and visual activity was 
measured preoperatively and 6 months postoperatively. The primary coma (C7 and C8), secondary astigmatism (C11 and 
C13), and HOA value within a 5-mm zone of the cornea were determined by corneal topography (Sirius 3.7, CSO, 
Florence, Italy), both before and 6 months after the operation. Subjective refraction, topography, and wavefront 
aberration were assessed by a single optometrist with more than 5 years of experience.

Alpins vector analysis, which calculated the residual vector cylindrical refraction, was performed to determine 
whether the residual vector cylindrical refraction might offer a more intuitive reflection of astigmatism correction than 
the absolute value of residual cylindrical refraction. The methodology involved summing all the astigmatism vectors, 
determining the mean direction based on the sum, and calculating the mean power by dividing the total sum by the 
summation result.15

Figure 2 (A) Initial page of a corneal topography-guided surgery, following the input of general patient data. (B) Zernike value, generated based on corneal topography and 
in accordance with the OSA standard. (C) Entry of the corresponding Zernike value and manifest refraction into the Zhang & Zheng vector-compensation refraction 
calculator. (D) Output section, indicating the target diopter and the primary vector components following application of the Zhang & Zheng vector-compensation method.
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The total value of HOA compensated by ZZ VR was calibrated based on C7, C8, C11, and C13, as described in 
Equation 5:

HOA comprised of C7, C8, C11, and

Statistical Analysis
Continuous variables were expressed as mean ± standard deviation (SD), and categorical variables were reported as 
frequency (percentage). Because the Kolmogorov–Smirnov test showed that the absolute residual astigmatism in each 
group did not conform to a Gaussian distribution, parameters across groups were compared by Kruskal–Wallis H-tests. 
The frequencies of absolute residual cylinder ≤0.50 D were compared by the chi-square test, followed by pairwise 
comparisons using the Bonferroni method. The associations between absolute residual cylinder and HOA comprised of 
C7, C8, C11, and C13 were determined by calculating Spearman correlation coefficients. All statistical analyses were 
performed using SPSS 19.0 (IBM, Armonk, NY, USA), with two-sided P values <0.05 defined as statistically significant. 
The minimum sample size was estimated by PASS 15 (NCSS, LLC. Kaysville, UT, USA).

Results
Characteristics of the Patients
This study included 146 eyes of 75 patients who met the eligibility criteria. Of these, six eyes of three patients were 
excluded due to abnormal intraocular pressure and two eyes of one patient were excluded due to diffuse lamellar 
keratitis. The manifest group included 46 eyes of 24 patients, the topographic group included 43 eyes of 22 patients, and 
the ZZ VR group included 49 eyes of 25 patients. Table 1 displays the characteristics of each group.

Residual Cylinder Analysis
The mean absolute residual cylindrical refraction 6 months after surgery was 0.74±0.30 D in the manifest group, 0.64 
±0.33 D in the topographic group, and 0.44±0.22 D in the ZZ VR group (P < 0.001; adjusted P < 0.01 for manifest vs ZZ 
VR, adjusted P = 0.01 for topographic vs ZZ VR). The percentages of postoperative absolute residual cylinder within 
0.50 D were 30.4%, 51.2%, and 59.2% in the manifest, topographic, and ZZ VR groups, respectively (P =0.02; adjusted 
P = 0.04 for manifest vs topographic, adjusted P = 0.01 for manifest vs ZZ VR) (Table 2, Figure 3). The Alpins vector 
analysis method showed that the mean vector residual cylinders 6 months postoperatively using the manifest, topo
graphic, and ZZ VR strategies were −0.58@11°±0.56 D, −0.15@13°±0.71 D, and −0.22@3°±0.45D, respectively 
(Figure 4).

Table 1 Baseline Characteristics of the Study Subjects

Variables Manifest Topographic ZZ VR P

Age (years) 25.33±7.16 23.14±6.74 21.76±6.11 –
Male, n (%) 12 (50.0%) 13 (59.1%) 13 (52.0%) –

Axial length (mm) 24.76±1.02 24.88±0.85 25.25±0.98 0.06

Intraocular pressure (mmHg) 14.48±1.44 14.42±1.72 14.04±1.92 0.40
Manifest refraction

Spherical (D) −3.40±1.89 −3.43±1.58 −4.26±1.87 0.06

Cylindrical (D) −1.76±1.06 −2.24±1.16 −2.05±1.12 0.17
Uncorrected visual acuity (LogMAR) 0.83±0.34 0.72±0.31 0.92±0.62 0.09

Distance-corrected visual acuity (LogMAR) −0.04±0.06 −0.05±0.05 −0.05±0.05 0.90

Corneal thickness (μm) 540.2±27.4 539.8±30.2 537.7±30.6 0.91
Higher-order aberration comprised of C7, C8, C11, and C13 0.32±0.11 0.33±0.13 0.32±0.12 0.89

Abbreviations: D, Diopter; LogMAR, logarithm of minimum angle of resolution.
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Visual Activity Analysis
Figure 5 shows a histogram of the postoperative uncorrected distance visual acuity, and Figure 6 shows a histogram of 
the difference between postoperative uncorrected distance visual acuity and preoperative corrected distance visual acuity.

HOA and Correlation Analysis
The absolute residual cylinder of the manifest group was significantly correlated with the HOA consisting of C7, C8, 
C11, and C13 (P=0.003). In contrast, the absolute residual cylinders of the topographic and ZZ VR groups were not 
significantly correlated with the HOA consisting of C7, C8, C11, and C13 (P >0.05 each, Table 3).

Discussion
The findings on residual cylinder and visual activity reveal that the ZZ VR strategy offers greater clinical advantages than 
the other strategies. Moreover, the results of the correlation analysis provide indirect support for the error sources 
analysis of the three strategies. Additionally, although the mean difference among strategies may not have indicated 
clinical advantages, as the differences were ≤0.50 D, the comparison of dispersion showed greater agreement with the 
aim of this study, of identifying the optimal strategies.

Table 2 Residual Cylinder Analysis 6 Months After Surgery

Variables Results

Absolute residual cylindrical power
Manifest (D) 0.74±0.30a

Topographic (D) 0.64±0.33a

ZZ VR (D) 0.44±0.22a

P* <0.001

Absolute residual cylindrical power within 0.50 D, n (%)

Manifest 14 (30.4%)a

Topographic 22 (51.2%)a

ZZ VR 29 (59.2%)a

P* 0.02

Notes: *P-value for comparison of the three strategies. aIndicated statistical significance. 
Abbreviation: D, Diopter.

Figure 3 Scatter plot showing absolute residual astigmatism in the manifest, topographic and ZZ VR groups.
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HOAs are a crucial concern in refractive surgery, as they can affect postoperative visual quality.16–18 The develop
ment of incidental HOA after corneal ablation can cause glare, halos, haze, or starbursts.19 Due to technological 
advances, the FDA has approved topographic-guided LASIK, which can reduce the postoperative induction of HOA 
in treatment-naïve eyes.20

Surgical strategies, including the manifest and topographic strategies, have been proposed to improve postoperative 
visual activity.11,21 The manifest strategy, however, may overcorrect cylindrical refraction affected by HOA, whereas the 

Figure 4 Scatter plot showing the residual astigmatism as a vector in the (A) manifest group (B) topographic group, and (C) ZZ VR group.
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topographic strategy may underestimate the effects of the posterior corneal surface and intraocular lens. These limitations 
have led to the development of several optimized topographic strategies, including the 50% and 75% topographic 
strategies, and a topographic strategy involving the removal of the posterior corneal cylinder. In agreement with previous 

Figure 5 Histogram showing the distribution of postoperative uncorrected distance visual acuity.

Figure 6 Histogram showing the distribution of the differences between postoperative uncorrected distance visual acuity and preoperative corrected distance visual acuity.

Table 3 Correlations Between High-Order Aberration and Absolute Residual Cylinder

Absolute Residual Cylinder Higher-Order Aberration, Consisting of C7, C8, 
C11, and C13

r P

Manifest 0.43 0.003
Topographic 0.08 0.88

ZZ VR −0.24 0.14
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findings,11 the results of the present study suggest that the topographic strategy was superior to the manifest strategy, as 
indicated by the percentage of absolute residual cylindrical power within 0.50 D.

The ZZ VR strategy, which was based on the Zernike HOA formula and the limitations of the excimer laser, 
included an assessment of the impact of HOA on subjective refraction. This strategy included individual calculation of 
the compensation for each Zernike item. The polynomial function of each Zernike term, which was related to the 
difference in optical path between opposite points, was subsequently analyzed. If Differences in the number of 
opposite points with a 90-degree azimuth difference under the same intercept may indicate the induction of new 
astigmatism after correction. Therefore, only the corrections of coma-like and high-order-astigmatism-like HOA would 
induce astigmatism, allowing the axial orientation of new astigmatism to be calculated. Higher Zernike order was 
associated with reduced impact on vision. Therefore, to simplify clinical applications, Zernike terms of order 5 and 
above were excluded, enabling compensation only for primary coma and second-order astigmatism. Pupil size can 
affect the magnitude of astigmatism, with the present study assuming that astigmatism in the 3 mm area of the corneal 
apex was the most significant. Using computer-aided technology, the results can be obtained quickly through the 
website www.zzcal.com.

The rationale for utilizing cylindrical refraction in a 4-mm zone, as measured by the wavefront aberration device, was 
to provide an accurate reflection of refraction while minimizing the refractive step to 0.01 D.22 This approach resulted in 
a reduced system error compared with the 0.125-D error typical of computer or subjective refraction.

Several factors primarily affect the ZZ VR strategy when determining the effect of HOA on subjective refraction. 
First, errors can arise from acquiring HOA, as these measurements rely on corneal topography or tomography devices, 
such as the Placido disk and Scheimpflug technology. These devices may not exhibit any differences for treatment-naïve 
corneas, but special corneas require optimization and attention.23–25 Second, errors from other HOAs can affect 
subjective refraction, but only primary coma and secondary astigmatism participate in compensation in the ZZ VR 
strategy. Third, the ZZ VR strategy assumes that excimer ablation will reduce, not increase, ocular primary coma and 
secondary astigmatism within an effective optical zone. Fourth, the calculation of refraction may be influenced by HOA 
within the diameter of individual pupils. Fifth, the ZZ VR strategy compensates for intraocular astigmatism by 
introducing corneal astigmatism, making it particularly relevant for elderly patients with specific clinical needs. In 
addition, the biomechanical changes and epithelial remodeling issues of the cornea after surgery have not yet been 
predicted or compensated for.26

The current study had several limitations. First, the ZZ VR strategy may not be effective for irregularities in the 
optical area, such as eccentric ablation, where planned corrections of HOA may have little impact on subjective 
refraction. Second, the small sample size of this single-center trial may limit the generalizability of the findings. 
Additionally, bilateral analysis did not rule out factors of symmetry.27 Lastly, clinical results were not available for 
correction of patients with hyperopia, suggesting the need for further research prior to the widespread clinical adoption of 
this technology.

Conclusions
The findings of this study showed that the ZZ VR strategy may achieve better outcomes in cylindrical correction and 
visual activity during topography-guided LASIK than the manifest and topographic strategies.

Abbreviations
HOA, higher-order aberration; LOA, lower-order aberration; ZZ VR, Zhang & Zheng vector-compensation refraction; 
DS, diopters sphere; DC, diopters cylinder; SD, standard deviation.

Data Sharing Statement
The data supporting the findings of this study are available from the corresponding author upon reasonable request.
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