
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16049  | https://doi.org/10.1038/s41598-021-95730-z

www.nature.com/scientificreports

Customized eye modeling 
for optical quality assessment 
in myopic femto‑LASIK surgery
Gongpu Lan1,2,3,10*, Jun Zeng4,10, Wenjie Li5, Guoqin Ma5, Qun Shi5, Yue Shi1, Yicheng Wang5, 
Jingjiang Xu1,2,3, Yanping Huang1,2,3, Jia Qin2, Jinping Feng6, Haishu Tan1, Lin An2* & 
Xunbin Wei1,7,8,9*

Refractive surgery is recognized as an effective method for myopia treatment, but it can induce 
night vision disturbances such as glare. We present an eye modeling method for the optical quality 
assessment in response to the structural changes in the eyes by femto-LASIK surgery. Customized 
eye models were built from the measurements of 134 right eyes pre- and post-operatively. Optical 
performance was evaluated using spot diagrams, point spread functions (PSFs), modulation transfer 
functions (MTFs), and chromatic aberrations at various fields (0°–30°), different pupil diameters 
(2–6 mm), and initial myopias (− 1.25 to − 10.5 D). Pupil size and initial myopia are the two major 
factors that affect visual performance of post-operative eyes. The results of spot diagrams, PSFs, and 
MTFs indicated that post-operative visual performance deteriorated as the visual field and pupil size 
increased, and it was significantly influenced by initial myopia. Post-operative chromatic aberrations 
were also affected by initial myopia. As pupil size increased, the post-operative longitudinal chromatic 
aberrations tended to decrease slightly, while the transverse chromatic aberrations remained similar. 
The use of eye modeling for refractive surgery assessment could possibly provide a more personalized 
surgical approach, could improve the prediction accuracy of refractive surgery outcomes, and promote 
the invention and development of better surgical methods.

Myopia (also called short-sightedness or near-sightedness) is the most common form of refractive error and 
has emerged as a major public health issue globally1. In urban areas of east and southeast Asia, approximately 
80–90% of children in high school are myopic, and 10–20% have high myopia2. By the year 2050, half of the 
world’s population is predicted to have myopia, and approximately one billion people are predicted to have high 
myopia3. Since the human cornea is the most accessible part of the eye with two-thirds of the total ocular refrac-
tive power, refractive surgery on the cornea has become the mainstay of myopic correction4.

Laser-assisted in situ keratomileusis (LASIK)5 is a popular type of corneal refractive surgery for myopia 
treatment. During the LASIK procedure, a thin-hinged corneal flap is created and folded back, and the exposed 
stroma is removed using an excimer laser so that the central corneal is flattened to compensate for the longer 
axial length or the excessive refractive power of the myopic eye. With the introduction of a femtosecond laser for 
corneal flap creation, femto-LASIK refractive surgery has demonstrated improved cutting results with minimal 
distorted flap edge6, better prediction of flap thickness7, reduced intra-operative, flap-related complications8, 
and better biomechanical stability9. However, night vision disturbances, such as glare, halos, and starbursts, are 
often reported by patients and in fact are the most significant complaints after laser refractive surgeries10–13. The 
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cause of night vision disturbances is mainly considered to be that the surgery can induce high-order aberrations 
when the magnitudes of the low-order sphero-cylindrical aberrations are reduced. When the pupil is enlarged to 
adapt to a low light illumination condition, the marginal rays of vision at the transition zone of surgery tend to 
be diverged, so visual aberrations are produced and vision quality is deteriorated14. Therefore, understanding the 
changes in visual performance caused by refractive surgery is important to reduce the night vision disturbances 
and to improve patient satisfaction15,16.

Zernike polynomials have been used as standards to represent the low- and high-order monochromatic 
wavefront aberrations of the eyes17. It has been commonly assumed that the vision quality decreases as the 
root mean square (RMS) values of the high-order ocular wavefront aberrations increase, and wavefront-guided 
refractive surgery solutions have been developed to reduce the residual RMS values of high-order aberrations 
in myopic eyes18–21. However, the decrease or increase in the RMS values of the Zernike wavefront aberrations 
cannot be simply linked to the decrease or increase in the visual performance22,23. It has been demonstrated that 
one term of Zernike aberration can compensate another and improve the visual quality (e.g., the modulation 
transfer function, MTF) and image quality24. In addition, specific combinations of Zernike modes can interact 
to improve acuity despite an increase of the total RMS wavefront errors22,23. The RMS values of ocular aberra-
tions are too rough and simple to judge optical performance, whereas the analysis of all the Zernike terms is too 
complicated to make the assessment. In addition, with the Zernike analysis method it is hard to describe any 
field-dependent aberrations or chromatic aberrations.

The eye modeling method has been used as a computational tool in visual science since the mid-nineteenth 
century to establish a conceptual framework for explaining optical phenomena in vision, to predict how the 
changes in ocular biometry affect refraction and aberrations, to explore the limitations imposed on vision 
by the optical system of the eye, or to provide a physical standard used to design or test the ocular imaging 
instruments25. To meet each of the aforementioned purposes, a variety of optical models of the human eye have 
been developed with different levels of complexity25—ranging from single-surface models (reduced eyes)26 to 
sophisticated finite-element models that describe layered features of each component27,28, from models with all 
spherical surfaces to aspherical29 or even high-order Zernike surfaces30,31, from a symmetrical structure27 to 
asymmetrical structures with tilted and decentered ocular components32, from models with constant refractive 
index elements to models with gradient refractive index33 or continuously accommodable lenses31,34. The use 
of a suitable eye model is mainly based on the principle whereby this eye model can provide valid prediction 
results for a particular purpose with enough simplicity, but does not necessarily rely on whether the model is 
anatomically or mechanistically right25,29. The goal of the present study was to develop an analytical eye model 
for accurately evaluating the optical quality change in response to the structural changes in patients’ eyes by 
femto-LASIK surgery. To balance the functional accuracy and anatomical simplicity, we prioritized the mod-
eling accuracy of the anterior segment topography (especially cornea) using sixth-order Zernike polynomials, 
while we simplified other parts of the eye (i.e., the lens, vitreous body, and retina) as symmetrical components 
with aspherical surfaces and constant refractive index values. Ocular geometries were clinically measured and 
calculated before and after the surgery from 134 right eyes, and the customized eye models were built in Zemax 
(Zemax, LLC). We performed the optical quality analysis for the whole eye, including the spot diagram, point 
spread function (PSF), MTF, and chromatic aberrations. We evaluated the imaging quality at various pupil 
diameters (2–6 mm), different fields of view (0°–30°), and different initial myopic diopters (− 1.25 to − 10.5 D). 
The use of customized eye models in the prediction of refractive surgery can relate the effect of anterior segment 
change (especially corneal shape change) on the retinal imaging quality performance more directly using the 
standard optical metrics (e.g., PSF and MTF). We aimed to provide a reliable evaluation tool with the potential 
to aid in the development of better surgery methods and strategies to reduce surgery-induced eye symptoms 
and increase post-operative visual performance.

Methods
Patient population.  Data were collected from 134 right eyes of 134 patients (72 females and 62 males; 
ages: 28 ± 6 years; spherical errors: − 1.25 to − 10.5 diopters [D]; astigmatisms: <  − 3.0 D). No patient had ocular 
disease (except myopia), previous ocular surgery, or any systemic condition that could have affected this study. 
The research protocol was approved by the Institutional Review Board of Foshan University and adhered to the 
tenets of the Declaration of Helsinki. The surgery was performed in the First People’s Hospital of Foshan, from 
March 2018 to July 2020. The study was enrolled after the approval of the Ethics Committee of the hospital and 
signed informed consent was collected from all participants.

Femto‑LASIK surgery.  Preoperative ophthalmic examinations were performed to exclude participants 
with systemic disease, ocular diseases other than refractive errors, abnormal corneal topographies, or thin cor-
neas (≤ 450 μm). Patients were also examined postoperatively at 1 day, 1 week, 1 month, 3 months, 6 months, 
and 1 year for follow-up assessments. These ocular examinations included the best corrected vision acuity, sub-
jective and objective refraction, anterior segment geometry (Pentacam, Oculus Optikgeräte GmbH, Wetzlar, 
Germany), axial dimensions of ocular structures (Lenstar LS900 biometer, Haag-Streit, USA), slit-lamp exam, 
fundus examination, and intraocular pressure measurement.

Levofloxacin eye drops were used three days before the surgery. In femto-LASIK, an 8.5-mm corneal flap was 
cut at a 100-μm depth by an IntraLase FS 60 Femtosecond laser (IntraLase, Irvine, California), and the stroma 
was removed using an EX500 (Alcon) excimer laser that was guided by Q-algorithm35. The optical region was 
6.5 mm, the residual corneal stroma thickness was no less than 300 µm, and the postoperative corneal thickness 
was no less than 400 µm. The flap was carefully repositioned after laser treatment. Patients were required to wear 
bandage contact lenses (Bausch) to avoid corneal flap displacement and to promote epithelial repair. The contact 
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lenses were removed after 1 day, and the postoperative medication was started. Tobramycin dexamethasone eye 
drops were used 4 times per day for 1 week, levofloxacin eye drops were used 4 times per day for 1 to 2 weeks, 
and sodium hyaluronate eye drops were used 4 times per day for 2 to 3 months.

Eye modeling.  The customized eye model of each patient’s right eye was built using Zemax OpticsStudio 
(Zemax, LLC), as shown in Fig. 1. We assumed that the refractive indexes and Abbe-numbers relative to the 
green light (wavelength: 588 nm) were 1.377 and 56.28 for cornea, 1.337 and 52.659 for aqueous humor, 1.42 
and 51.226 for crystalline lens, and 1.336 and 53.342 for vitreous body29. The anterior segment was built from the 
measurement of Pentacam using a rotating Scheimpflug camera with 138,000 points in 2 seconds36. The meas-
urement parameters included the radii of curvatures and asphericity values of anterior and posterior corneas, 
central corneal thickness, and the anterior chamber depth. Particularly, the heights of the anterior and posterior 
corneas were fitted to a serious of Zernike polynomials in a 6-mm diameter according to the OSA standard17:

where z is the sag of cornea surface; R is the average corneal radius; r is a radial ray coordinate; and Q is a conic 
constant (asphericity). The conic constant Q is less than − 1 for hyperbolas, − 1 for parabolas, between − 1 and 0 
for ellipses, 0 for spheres, and greater than 0 for oblate ellipsoids. Zernike polynomials are defined with polar 
coordinates (ρ, φ), where ρ is a radial coordinate ranging from 0 to 1, and φ is an azimuthal component ranging 
from 0 to 2π. Zi

j represents a Zernike polynomial, and αi
j is the coefficient for Zi

j, where i represents a radial 
order (the degree of the polynomial), and j represents a meridional frequency (the number of cycles of sinusoidal 
variation across 360° of meridian). The value of i (i = 0 to n) is a positive integer or zero, and the value of j (j = 0 
to m) can only be − i, − i + 2, − i + 4, … i. The negative value of j represents that the meridional component is in 
a sine phase, and the positive value of j indicates a cosine phase with respect to the horizontal direction. Each 
Zernike polynomial Zi

j can be represented as17

where δj0 is the Kronecker delta function, δj0 = 1 for j = 0, and δj0 = 0 for j ≠ 0.
Currently, clinical measurements of lens biometric parameters—such as radii of curvature, asphericities, 

and refractive index distribution—are challenging to obtain37. Previous studies have shown very weak relation-
ships between the lens biometric parameters and refraction, such as P-value = 0.867 between the lens thickness 
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Figure 1.   Schematic of a customized human eye model to access the ocular structure change in response 
to femto-LASIK. The customized eye model was started from a schematic eye model29 and then was built by 
replacement of the measured or estimated ocular biometric parameters.
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and refraction, and P-value = 0.848 between lens power and refraction25. In this study, we assumed that the lens 
biometric parameters were unaffected by refraction, and we adapted previous estimation methods25,38–42 to 
build the parameters of the crystalline lens in each eye model. We set the tilt and decentration of the lens as zero 
to simplify the estimation of the lens parameters. The equivalent lens power PL can be calculated based on the 
measured parameters using Bennett’s method39:

where S is the spherical refraction of the eye (unit: D); PC is the power of the cornea (unit: D); TAC, TL, and TV 
are the thickness/depth of the anterior chamber, lens, and vitreous body, respectively (unit: mm); nh = 1.337 is 
the refractive index of the aqueous humor; c1TL is the distance between the anterior lens surface and the first 
lenticular principal plane, and c2TL is the distance between the posterior lens surface and the second lenticular 
principal plane, where the constants are c1 = 0.571 and c2 =  − 0.37839,40. We used the TAC values from Pentacam 
measurements and the TL and TV values from Lenstar measurements. We estimated the radii of curvature of the 
arterial lens surface (RLa) and the posterior lens surface (RLp) using a linear regression fitting result provided by 
Rozema et al.41:

The values of asphericities (conics, or Q-values) of the unaccommodating lens vary over a wide range in different 
eye models and literature due to the difficulties of measurement25,27,29,34,37,42–44. Here we estimated the aspherici-
ties of the arterial and posterior lens surface using the fixed values of − 3.13 and − 1, respectively, based on the 
Navarro eye model34.

The retinal shapes of emmetropic and myopic eyes were described by Atchison et al. using a non-rotationally 
symmetrical ellipsoid fitting method45. They found the shapes of retinas were oblate in most of emmetropic eyes. 
As myopic diopters increased, the ellipsoid dimensions increased, with the axial dimension increasing more than 
the vertical dimension, which in turn increased more than the horizontal dimension45. The mean values of the 
vertex radii of curvature (RR) and asphericities (QR) of retina are described as45

In all cases, an object was placed at infinity so that the entered lights had plane wavefronts without any aber-
rations, and the crystalline lenses were unaccommodated. The object was ideally focused on the retinas at the 
visual field of 0° for all eyes. For the pre-operative eye models, ideal spectacles were used to achieve the optimized 
visual acuity since most myopic subjects wear spectacle lenses in their daily lives to compensate for the refrac-
tion errors. For the post-operative eye models, the retina positions were shifted to focus the light beams. Zemax 
simulations were performed on the pre- and post-surgical eyes to compare their optical performances, and these 
included the metrics of the geometry-optics-based spot radius diagram and chromatic aberration, and the fast 
Fourier transform (FFT)-based polychromatic PSF and polychromatic MTF.

Statistics.  The pre- and post-operative ocular diopters and corneal geometry parameters were compared. 
Linear regressions were performed to illustrate the surgically induced changes in these parameters in response 
to the initial myopia. The Pearson correlation coefficient (r) and the level of significance (P value) were used to 
investigate the strengths of the correlations. The value of r ranges from − 1 to 1, where r = 1 indicates a perfect 
positive correlation, r =  − 1 indicates a perfect negative correlation, and r = 0 indicates no linear correlation. 
The statistics were considered significant when P < 0.05, and extremely significant when P < 0.01. Optical per-
formance was evaluated on eye models based on the initial myopic diopters, which were mild myopia group (0 
to − 3 D), medium myopia group (− 3 to − 6 D), and high myopia group (over − 6 D). The optical quality metrics 
of PSF, MTF, and chromatic aberrations were analyzed at different pupil diameters (2–6 mm) and at different 
fields of view (0°–30°), and they were compared based on the mean and standard deviation (SD) values for each 
initial myopia group.

Results
Ocular parameters.  Each eye model was composed of two Zernike surfaces representing the anterior and 
posterior corneas, a stop at the pupil plane to represent the iris, two aspherical surfaces representing the crys-
talline lens, and an aspherical retina, as shown in Fig. 1. The ocular parameters (mean ± SD) from 134 right 
eyes are shown in Table  1. The change in corneal geometry is the major outcome of the femto-LASIK sur-
gery and has been considered as the major source of the production of high-order aberrations and night vision 
disturbances14–16; while the parameters of the lens, vitreous body, and retina for each patient were assumed to 
be unchanged after surgery. Corneal parameters before and after the femto-LASIK surgery were compared in 
response to the initial myopia (Fig. 2). The pre-surgical corneal parameters were not correlated with the initial 
myopia. The reductions of corneal central thickness (0.54 ± 0.03 mm to 0.45 ± 0.04 mm) and corneal diopter 
(42.44 ± 1.38 D to 37.84 ± 2.08 D) were directly caused by the surgery [P-values < 0.01, Figs 2a,b]. The anterior 
corneal geometries were greatly altered by the surgery, and were correlated with the intimal myopic diopters 
with P-values smaller than 0.01 [Fig. 2c–f]. Due to the femto-LASIK surgery, the anterior corneas were flatter, 
while the cornel radii increased from 7.77 ± 0.25 mm to 8.56 ± 0.43. The asphericity (Q) values of anterior cor-
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neas increased from − 0.28 ± 0.11 to 0.63 ± 0.44, indicating the corneal shapes changed from prolate ellipsoids to 
oblate ellipsoids. The high-order (3rd to 6th) RMS values of the Zernike coefficients for anterior corneas were 
enlarged from 0.09 ± 0.02 to 0.15 ± 0.05 μm, and the post-surgical high-order RMS Zernike coefficients were cor-
related with the initial myopic diopters [P < 0.01, Fig. 2f]. The posterior corneal geometries were changed little 
without any obvious correlations with the initial myopic diopters [P > 0.05, Fig. 2g–j].

Optical performance analysis.  Optical performance was evaluated and compared between the preopera-
tive eyes with spectacles and the postoperative eyes without spectacles at various fields (0°–30°), pupil diameters 
(2–6 mm), and initial myopias (− 1.25 to − 10.5 D). Ocular chromatic aberration is an optical distortion in which 
the focusing positions, in either the longitudinal (axial) or the transverse (lateral) direction, are wavelength-
dependent46–48. Figure 3 shows the analysis of the longitudinal chromatic aberrations [Fig. 3a–c] and transverse 
chromatic aberrations [Fig. 3d–f] in the visible light spectrum (red light: 656.273 nm, green light: 587.562 nm, 
and blue light: 486.133 nm). Before the femto-LASIK surgery, neither the longitudinal nor the transverse chro-
matic aberrations were dependent on pupil size or initial myopia. Both aberrations increased slightly after the 
surgery, and increased as the initial myopic diopter increased. As the pupil size increased, the longitudinal chro-
matic aberrations after refractive surgery tended to decrease slightly, while the transverse chromatic aberrations 
remained similar.

The degree of spreading (blurring) of a point source at the image plane can be described by spot diagrams 
using the ray-tracing method and by polychromatic PSF using the FFT method. The Strehl ratio is defined as the 
ratio of the light at the peak of the diffraction pattern of an aberrated image to that at the peak of an ideal image. 
Figure 4a–c show the spot size evaluation results using the RMS radius values, and Fig. 4d–f evaluate the Strehl 
ratio for the polychromatic PSF. In general, the spot sizes were enlarged and the Strehl ratios were reduced as the 
field of view increased from 0° to 30°, indicating that the optical performance decreased from the central retina 
to the peripheral retina. When the pupil size was small (i.e., 2 mm), the optical performance was similar for all 
eyes before and after surgery. As the pupils enlarged from 4 to 6 mm, the pre-operative eyes had similar optical 
performance for all the myopic groups, but the post-operative eyes were significantly influenced by the initial 
myopia. After surgery, the optical performance of eyes that were initially more myopic tended to be much worse 
at larger pupil sizes, as demonstrated in Fig. 4c,d.

Figure 5 presents the MTFs (mean values between the tangential and sagittal directions) for the pre- and post-
surgical eyes at a maximum spatial frequency of 60 cycles per millimeter. In general, MTF declined as spatial fre-
quency increased, and from central retina to peripheral retina. The post-surgical MTF was significantly affected 

Table 1.   General geometry of eye models for 134 right eyes before and 6 months after femto-LASIK. *The 
magnitudes of anterior and posterior corneal surfaces were fitted as sixth-order Zernike polynomials. 
[a] Measured by Pentacam (Oculus Optikgeräte GmbH). [b] Measured by Lenstar LS900 (Haag-Streit). 
[c] Estimated based on Eqs. (3–5)39,41,45. [d] Estimated based on the Navarro eye model34. [e] Set values for Zemax 
simulation.

Pre-surgery Post-surgery

Cornea

Anterior Surface[a],*

Radius (mm) 7.77 ± 0.25 8.56 ± 0.43

Asphericity  − 0.28 ± 0.11 0.63 ± 0.44

Low-order RMS errors (μm) 0.87 ± 0.27 0.80 ± 0.36

High-order RMS errors (μm) 0.09 ± 0.02 0.15 ± 0.05

Posterior Surface[a],*

Radius (mm) 6.35 ± 0.23 6.38 ± 0.22

Asphericity  − 0.31 ± 0.12  − 0.26 ± 0.12

Low-order RMS errors (μm) 0.53 ± 0.09 0.53 ± 0.10

High-order RMS errors (μm) 0.04 ± 0.01 0.05 ± 0.01

Thickness (mm)[a] 0.54 ± 0.03 0.45 ± 0.04

Diameter (mm)[d] 12 12

Anterior chamber depth (mm)[a] 3.39 ± 0.28 3.16 ± 0.27

Pupil size (mm)[e] 2, 4, and 6

Lens

Anterior Surface
Radius (mm)[c] 10.83 ± 0.71

Asphericity[d]  − 3.13

Posterior Surface
Radius (mm)[c]  − 7.12 ± 0.45

Asphericity[d]  − 1.00

Thickness (mm)[b] 3.79 ± 0.42

Diameter (mm)[d] 10

Vitreous body
Length (mm)[b] 17.59 ± 0.89

Diameter (mm)[d] 22

Retina

Radius (mm)[c]  − 12.61 ± 0.08

Asphericity[c] 0.16 ± 0.04

Diameter (mm)[d] 22
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by the initial myopia, and declined as the pupil size increased. MTFs of more myopic eyes tended to worsen 
at larger pupil sizes, as demonstrated in Fig. 5i. This result agreed with the spot size and PSF analysis (Fig. 4).

Discussion
We have built customized eye models for 134 eyes before and after the femto-LASIK surgery, and we have pro-
vided quantitative and objective evaluations of changes in retinal imaging quality associated with the structural 
changes in the human eye induced by the surgery. The results of RMS spot size, Strehl ratio, and MTF analysis 
have shown that the optical performance is reduced from the central retina to the peripheral retina (e.g., from 
0° to 30°). When the pupil size is small (e.g., 2 mm in diameter), the optical performance is similar for all eyes 
before and after surgery. As the pupil enlarges (e.g., up to 6 mm in diameter), the pre-operative eyes have similar 
optical performance for all the myopic groups, but the post-operative eyes are significantly influenced by the 
initial myopia. After femto-LASIK surgery, the optical performance with higher initial myopia tends to dete-
riorate at a larger pupil size. These results are consistent with previous studies on the influence of pupil size14,49 
and initial myopia50,51 on the post-surgery optical performance. The post-operative chromatic aberrations also 
increase as the initial myopia increases after the surgery, but have different trends with the pupil size compared 
with other aberrations, such as monochromatic coma and spherical aberrations. The longitudinal chromatic 
aberrations after refractive surgery tend to decrease slightly as the pupil size increases, while the transverse 
chromatic aberrations remain similar for different pupil sizes. To the best of our knowledge, the finding of the 
post-surgical longitudinal chromatic aberrations decreasing with pupil size has not been presented previously. 
In general, when we consider the contributions to overall aberrations, pupil size and initial myopia are the two 
major factors that induce higher-order aberrations and decrease visual performance.

The accuracy of the eye model is dependent upon the precision of the measurements, especially the measure-
ment of the crystalline lens. The human crystalline lens is a complex and inhomogeneous optical component with 
gradient refractive index distribution and aspheric surfaces33. We know that the lens shape and gradient index 
distribution may help to reduce the spherical aberration and coma that originate in the cornea32, but how the 
lens curvature and index gradient contribute to lens aberrations is still poorly understood due to a lack of reliable 
measurements on the lens shape outside of the central zone37. To date, the in vivo measurement of the posterior 
lens remains a longstanding challenge in the clinic. Optical methods, such as Scheimpflug photography42 and 
anterior-segment optical coherence tomography (OCT)52,53, are incapable of penetrating the iris tissue and imag-
ing the peripheral region of the lens beneath the iris. Ultrasound54 and magnetic resonance imaging (MRI)44 can 

Figure 2.   Comparison between the corneal parameters of 134 right eyes before and after the femto-LASIK 
surgery in response to the initial myopia (− 1.25 to − 10.5 D). These parameters include: (a) corneal center 
thickness (CCT); (b) corneal diopter; (c) and (g) anterior and posterior corneal radii; (d) and (h) anterior and 
posterior corneal asphericities (Q-values); (e) and (i) anterior and posterior corneal low-order (0–2) RMS values 
in Zernike terms; (f) and (j) anterior and posterior corneal high-order (3–6) RMS values in Zernike terms.
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Figure 3.   Chromatic aberration analysis (mean ± SD) at retina before and after femto-LASIK. R: red light, 
656.273 nm; G: green light, 587.562 nm; B: blue light, 486.133 nm. (a–c) show the longitudinal chromatic focal 
shifts relative to green light (587.562 nm) at 2-mm, 4-mm, and 6-mm pupil sizes, respectively. (d–f) show 
the transverse chromatic aberrations across the field of view (0°–30°) at 2-mm, 4-mm, and 6-mm pupil sizes, 
respectively.

Figure 4.   Spot size (a–c) and polychromatic PSF Strehl ratio (d–f) analysis (mean ± SD) at retina before and 
after femto-LASIK. The analysis was performed across the field of view (0°–30°), at 2-mm, 4-mm, and 6-mm 
pupil sizes, and for different initial myopic groups including mild myopia (0 to − 3 D), medium myopia (− 3 to 
− 6 D), and high myopia (over − 6 D), respectively.
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penetrate iris and sclera tissue but lack sufficient resolution to precisely depict the lens geometry. Previous studies 
have shown that the vertex radii of curvature of unaccommodated lens shapes are greater at the anterior surface 
than the posterior surface and decrease with age55,56. The radius and Q-values are age-dependent25,42 and are esti-
mated in a wide range when the lens surfaces are fitted as conics. For example, the Q-values for the anterior and 
posterior surfaces of unaccommodated lenses were estimated as 2.46 and 1.0943, 4.27 and − 0.6437, − 3.13 and − 134, 
0 and − 3.2529, − 0.94 and 0.9627, and − 5.66 and 0.2244. The estimation differences of Q-values usually arose from 
the limited methods of measurement and the fitted diameter zone37. Simulation of the unaccommodated lens is 
already a great challenge, and enabling the eye model to account for the accommodation of the crystalline lens 
is far more difficult34,44,56. The measurement of retina shape is also limited by the optical distortions of the optical 
elements before the retina, particularly the gradient index distribution of the crystalline lens57. Therefore, better 
ocular measurement methods are required to improve the modeling accuracy of the human eye and to improve 
the simulation precision for the optical ray tracing method.

It should be noted that there is no perfect optical model of the eye that is best for every purpose29. Each of 
the previous eye models could be either a simple single-surface model to represent the on-axis chromatic and 
spherical aberration26 or a sophisticated model for anatomical accuracy27. An appropriate eye model is the one 
that gives valid results for a particular purpose, so a more complicated model is not necessarily better29. The 
main purpose of this study was to describe the effect of the post-surgical corneal structure change on visual 
performance. To meet this purpose, we prioritized the modeling of the anterior segment (especially cornea) while 
simplifying other parts of the eye, such as the lens, vitreous body, and retina. As is well known, the human eye 
is a decentered optical system with a non-rotationally symmetric structure17, where each element (e.g., cornea, 
pupil, and lens) can be decentered and tilted, and the photoreceptors (i.e., cones and rods) are not uniformly 
distributed at the retina25,32,58. We started the simulation of the human eye from a rotationally symmetric sche-
matic eye model in an unaccommodated condition29. The asymmetricity of the anterior and posterior corneal 
surfaces can still be sufficiently represented by the surface heights in Zernike terms (e.g., tilt: Z1

±1, astigmatism: 
Z2

±2, and coma: Z3
±1), but neither the tilt nor the decenter values of other ocular elements were presented in this 

model. We considered this as a valid simplification process. If we had used the empirically estimated (rather than 

Figure 5.   Polychromatic MTF analysis (mean ± SD) at the fields of 0°–30° at a maximum spatial frequency of 
60 cycles per millimeter. The MTF values were averaged between the tangential and sagittal directions. (a–i) 
The MTF analysis at different pupil sizes (2 mm, 4 mm, and 6 mm) and for groups of different initial myopia, 
including mild myopia (0 to − 3 D), medium myopia (− 3 to − 6 D), and high myopia (over − 6 D).
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trustworthily measured) decenter or tilt values for all the ocular elements of the model, it would have led to more 
system complexity and slower computing time, but it would not have improved the optical analysis accuracy. For 
the same reason, we assumed the gradient-index crystalline lens25,27 as homogeneous, and we assumed that all 
of the elements had homogeneous refractive indexes and Abbe-numbers29. Another issue is that we only evalu-
ated the optical performance in each eye model, and ignored the neural factors that can also affect the visual 
performance. The combination of an individual’s optical and neural transfer functions could likely be better to 
predict the actual visual performance23. A neural transfer function expresses the loss of modulation as spatial 
frequency increases in the process of converting the optical signals to neural impulses and transferring the infor-
mation through to the neural system and out as a percept23. Visual perceptual sensitivity is field-dependent due 
to the uneven distribution of photoreceptors and optic nerve cells from the fovea to the peripheral retina. This 
factor can be modeled optically using an apodization filter at the pupil plane59. Post-receptoral neural process-
ing of the unevenly sampled retinal image affects the processing of blurred retinal images in a manner that can 
also be constructed as a form of apodization, or as a mathematical convolution of the optical PSF with a neural 
PSF60. The main focus of this study was the optical performance, but we will consider the effect of the interactive 
optical-neural performance on visual perception in our following studies. Although designed for Femto-LASIK, 
this eye modeling method could be utilized in other types of myopic surgeries4 and corneal surgeries, such as 
treatments of hyperopia61 and keratoconus62.

Corneal biomechanics, such as elasticity and viscosity, is another factor that may also contribute to the 
induction of high-order aberrations and the deterioration of optical performance. Integrating biomechani-
cal factors into a more sophisticated eye model could potentially improve the accuracy of the refractive sur-
gery prediction63. Corneal biomechanics maintain the ocular rigidity and are inherently tied to corneal health 
and visual performance64. Any morphological changes of the cornea are usually accompanied by biomechani-
cal changes, and vice versa. Myopic refractive surgery may weaken the corneal strength and cause long-term 
instability8,65 and may rarely lead to several complications, such as corneal ectasia66,67; corneal biomechanics can, 
in turn, influence the predictability, stability, and safety of refractive surgery68,69. The pre-operative evaluation of 
corneal biomechanics is key to preventing ectasia as well as predicting and evaluating treatment outcomes4, but 
the clinical methods to precisely access corneal biomechanics are still limited. Developing more advanced imag-
ing and quantitative methods, such as high-sensitivity optical coherence tomography (OCT)-based elastography 
methods, to more reliably access corneal biomechanics in clinic is an active research area in vision science and 
is of great interest to our research group70–72. Once the new corneal elastography tool and the measurable data 
of corneal biomechanics (such as natural frequency73,74 and Young’s modulus75–77) are provided, we could pos-
sibly provide an updated eye model that involves comprehensive information of ocular structure, biomechanics, 
optical performance, and neural functions. The application of such an eye model for refractive surgery could 
provide better pre-operative prediction of surgery outcomes, promote better surgical methods with improved 
visual performance, prevent post-surgical complications (e.g., corneal ectasia) more successfully, and reduce 
post-surgical patient complaints more effectively78.

Received: 4 April 2021; Accepted: 27 July 2021

References
	 1.	 Resnikoff, S., Pascolini, D., Mariotti, S. P. & Pokharel, G. P. Global magnitude of visual impairment caused by uncorrected refractive 

errors in 2004. Bull. World Health Organ. 86, 63–70 (2008).
	 2.	 Lin, L. L. K., Shih, Y. F., Hsiao, C. K. & Chen, C. J. Prevalence of myopia in taiwanese schoolchildren: 1983 to 2000. Ann. Acad. 

Med. Singap. 33, 27–33 (2004).
	 3.	 Holden, B. A. et al. Global prevalence of myopia and high myopia and temporal trends from 2000 through 2050. Ophthalmology 

123, 1036–1042 (2016).
	 4.	 Del Barrio, J. L. A., Wilkins, M., Cochener, B. & Ang, M. Refractive surgery. The Lancet 393, 2085–2098 (2019).
	 5.	 Pallikaris, L. G., Papatzanaki, M. E., Stathi, E. Z., Frenschock, O. & Georgiadis, A. Laser in situ keratomileusis. Lasers Surg. Med. 

10, 463–468 (1990).
	 6.	 Ahn, H. et al. Comparison of laser in situ keratomileusis flaps created by 3 femtosecond lasers and a microkeratome. J. Cataract 

Refract. Surg. 37, 349–357 (2011).
	 7.	 Zhang, C. et al. Using femtosecond laser to create customized corneal flaps for patients with low and moderate refractive error 

differing in corneal thickness. Plos One 10, e0121291 (2015).
	 8.	 Stonecipher, K., Ignacio, T. S. & Stonecipher, M. Advances in refractive surgery: microkeratome and femtosecond laser flap creation 

in relation to safety, efficacy, predictability, and biomechanical stability. Curr. Opin. Ophthalmol. 17, 368–372 (2006).
	 9.	 Hashmani, S. et al. Comparison of visual acuity, refractive outcomes, and satisfaction between LASIK performed with a micro-

keratome and a femto laser. Clin. Ophthalmol. 11, 1009–1014 (2017).
	10.	 Villa, C., Gutierrez, R., Jimenez, J. R. & Gonzalez-Meijome, J. M. Night vision disturbances after successful LASIK surgery. Brit. 

J. Ophthalmol. 91, 1031–1037 (2007).
	11.	 Krueger, R. R., Thornton, I. L., Xu, M., Bor, Z. & van den Berg, T. J. Rainbow glare as an optical side effect of IntraLASIK. Oph-

thalmology 115, 1187–1195 (2008).
	12.	 Ackermann, R. et al. Optical side-effects of fs-laser treatment in refractive surgery investigated by means of a model eye. Biomed. 

Opt. Express 4, 220–229 (2013).
	13.	 Gatinel, D., Saad, A., Guilbert, E. & Rouger, H. Unilateral rainbow glare after uncomplicated femto-LASIK using the FS-200 

femtosecond laser. J. Refract. Surg. 29, 498–501 (2013).
	14.	 Schallhorn, S. C. et al. Pupil size and quality of vision after LASIK. Ophthalmology 110, 1606–1614 (2003).
	15.	 Alarcón, A., Rubiño, M., Pérez-Ocón, F. & Jiménez, J. R. Theoretical analysis of the effect of pupil size, initial myopic level, and 

optical zone on quality of vision after corneal refractive surgery. J. Refract. Surg. 28, 901–905 (2012).
	16.	 Pop, M. & Payette, Y. Risk factors for night vision complaints after LASIK for myopia. Ophthalmology 111, 3–10 (2004).
	17.	 Thibos, L. N., Applegate, R. A., Schwiegerling, J. T. & Webb, R. Standards for reporting the optical aberrations of eyes. J. Refract. 

Surg. 18, S652–S660 (2002).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16049  | https://doi.org/10.1038/s41598-021-95730-z

www.nature.com/scientificreports/

	18.	 Sajjadi, V., Ghoreishi, M. & Jafarzadehpour, E. Refractive and aberration outcomes after customized photorefractive keratectomy 
in comparison with customized femtosecond laser. Med. Hypothesis Discov. Innov. Ophthalmol. 4, 136–141 (2015).

	19.	 Gertnere, J., Solomatin, I. & Sekundo, W. Refractive lenticule extraction (ReLEx flex) and wavefront-optimized Femto-LASIK: 
comparison of contrast sensitivity and high-order aberrations at 1 year. Graefes Arch. Clin. Exp. Ophthalmol. 251, 1437–1442 
(2013).

	20.	 Taskov, G. & Taskov, T. Higher Order Aberrations (HOA) Changes after Femto-LASIK in Topography and Wavefrontguided 
Treatments. Folia Med. 62, 331–337 (2020).

	21.	 Schallhorn, S. C. et al. Wavefront-guided LASIK for the correction of primary myopia and astigmatism: a report by the American 
Academy of Ophthalmology. Ophthalmology 115, 1249–1261 (2008).

	22.	 Applegate, R. A., Sarver, E. J. & Khemsara, V. Are all aberrations equal?. J. Refract. Surg. 18, S556 (2002).
	23.	 Applegate, R. A., Marsack, J. D., Ramos, R. & Sarver, E. J. Interaction between aberrations to improve or reduce visual performance. 

J. Cataract Refract. Surg. 29, 1487–1495 (2003).
	24.	 Jansonius, N. M. & Kooijman, A. C. The effect of spherical and other aberrations upon the modulation transfer of the defocussed 

human eye. Ophthal. Physl. Opt. 18, 504–513 (2010).
	25.	 Atchison, D. A. Optical models for human myopic eyes. Vision Res. 46, 2236–2250 (2006).
	26.	 Thibos, L. N., Ming Ye, Na, Zhang, X. & Bradley, A. Spherical aberration of the reduced schematic eye with elliptical refracting 

surface. Optom. Vis. Sci. 74, 548–556 (1997).
	27.	 Liou, H.-L. & Brennan, N. A. Anatomically accurate, finite model eye for optical modeling. J. Opt. Soc. Am. A 14, 1684–1695 (1997).
	28.	 Donnelly, W. III. The Advanced Human Eye Model (AHEM): a personal binocular eye modeling system inclusive of refraction, 

diffraction, and scatter. J. Refract. Surg. 24, 976 (2008).
	29.	 Watkins, R. OpticStudio models of the human eye. https://​my.​zemax.​com/​en-​US/​Knowl​edge-​Base/​kb-​artic​le/?​ka=​KA-​01355, 

<https://​my.​zemax.​com/​en-​US/​Knowl​edge-​Base/​kb-​artic​le/?​ka=​KA-​01355.
	30.	 Guo, H., Wang, Z., Yang, W., Zhao, Q. & Yan, W. A new method to calculate corneal ablation depth based on optical individual 

eye model. Optik 116, 433–437 (2005).
	31.	 Navarro, R. Adaptive model of the aging emmetropic eye and its changes with accommodation. J. Vis. 14, 21–21 (2014).
	32.	 Polans, J., Jaeken, B., McNabb, R. P., Artal, P. & Izatt, J. A. Wide-field optical model of the human eye with asymmetrically tilted 

and decentered lens that reproduces measured ocular aberrations. Optica 2, 124–134 (2015).
	33.	 Smith, G., Pierscionek, B. & Atchison, D. The optical modeling of the human lens. Ophthal. Physl. Opt. 11, 359–369 (1991).
	34.	 Navarro, R. S., Santamaría, J. & Bescós, J. Accommodation-dependent model of the human eye with aspherics. J. Opt. Soc. Am. A 

2, 1273–1280 (1985).
	35.	 Jiménez, J. R., Alarcón, A., Anera, R. G. & Jiménez, del B. L. Q-optimized algorithms: theoretical analysis of factors influencing 

visual quality after myopic corneal refractive surgery. J. Refract. Surg. 32, 612–617 (2016).
	36.	 Rabsilber, T. M., Khoramnia, R. & Auffarth, G. U. Anterior chamber measurements using Pentacam rotating Scheimpflug camera. 

J. Cataract Refract. Surg. 32, 456–459 (2006).
	37.	 Manns, F. et al. Radius of curvature and asphericity of the anterior and posterior surface of human cadaver crystalline lenses. Exp. 

Eye Res. 78, 39–51 (2004).
	38.	 Rozema, J. J., Atchison, D. A. & Tassignon, M.-J. Comparing methods to estimate the human lens power. Invest. Ophthalmol. Vis. 

Sci. 52, 7937–7942 (2011).
	39.	 Beenett, A. G. J. O. & Optics, P. A method of determining the equivalent powers of the eye and its crystalline lens without resort 

to phakometry. Ophthal. Physl. Opt. 8, 53–59 (1988).
	40.	 Royston, J. Calculation of crystalline lens radii without resort to phakometry. Ophthal. Physl. Opt. 9, 412–414 (1989).
	41.	 Rozema, J. J., Atchison, D. A., Kasthurirangan, S., Pope, J. M. & Tassignon, M.-J. Methods to estimate the size and shape of the 

unaccommodated crystalline lens In Vivo. Invest. Ophthalmol. Vis. Sci. 53, 2533–2540 (2012).
	42.	 Dubbelman, M., Van der Heijde, G. & Weeber, H. A. The thickness of the aging human lens obtained from corrected Scheimpflug 

images. Optom. Vis. Sci 78, 411–416 (2001).
	43.	 Howcroft, M. J. & Parker, J. A. Aspheric curvatures for the human lens. Vis. Res. 17, 1217–1223 (1977).
	44.	 Kasthurirangan, S., Markwell, E. L., Atchison, D. A. & Pope, J. M. MRI study of the changes in crystalline lens shape with accom-

modation and aging in humans. J. Vis. 11, 19–19 (2011).
	45.	 Atchison, D. A. et al. Shape of the retinal surface in emmetropia and myopia. Invest. Ophthalmol. Vis. Sci. 46, 2698–2707 (2005).
	46.	 Thibos, L. N., Ye, M., Zhang, X. & Bradley, A. The chromatic eye: a new reduced-eye model of ocular chromatic aberration in 

humans. Appl. opt. 31, 3594–3600 (1992).
	47.	 Howarth, P. A. & Bradley, A. The longitudinal chromatic aberration of the human eye, and its correction. Vis. Res. 26, 361–366 

(1986).
	48.	 Anera, R., Jiménez, J., Jiménez, Del B. L. & Hita, E. Transverse chromatic aberration after corneal refractive surgery. J. Modern 

Opt. 52, 725–734 (2005).
	49.	 Schumer, D. J., Bains, H. S. & Brown, K. L. Dark-adapted pupil sizes in a prospective evaluation of laser in situ keratomileusis 

patients. J. Refract. Surg. 16, S239–S241 (2000).
	50.	 Anera, R. G., Jiménez, J. R., Del Barco, L. J., Bermúdez, J. & Hita, E. Changes in corneal asphericity after laser in situ keratomileusis. 

J. Cataract Refract. Surg. 29, 762–768 (2003).
	51.	 Oshika, T. et al. Higher order wavefront aberrations of cornea and magnitude of refractive correction in laser in situ keratomileusis. 

Ophthalmology 109, 1154–1158 (2002).
	52.	 Li, P. et al. Extended imaging depth to 12 mm for 1050-nm spectral domain optical coherence tomography for imaging the whole 

anterior segment of the human eye at 120-kHz A-scan rate. J. Biomed. Opt. 18, 016012 (2013).
	53.	 Lan, G. et al. Design of 1300-nm spectral domain optical coherence tomography angiography system for iris microvascular imag-

ing. J. Phys. D Appl. Phys. https://​doi.​org/​10.​1088/​1361-​6463/​abf577 (2021).
	54.	 Silverman, R. H. High-resolution ultrasound imaging of the eye—a review. Clin. Exp. Optom. 37, 54–67 (2009).
	55.	 Dubbelman, M. & Heijde, G. L. V. D. The shape of the aging human lens: curvature, equivalent refractive index and the lens paradox. 

Vis. Res. 41, 1867–1877 (2001).
	56.	 Koretz, J. F., Cook, C. A. & Kaufman, P. L. Aging of the human lens: changes in lens shape upon accommodation and with accom-

modative loss. J. Opt. Soc. Am. A 19, 144–151 (2002).
	57.	 Borja, D. et al. Distortions of the posterior surface in optical coherence tomography images of the isolated crystalline lens: effect 

of the lens index gradient. Biomed. Opt. Express 1, 1331–1340 (2010).
	58.	 Artal & Pablo. Optics of the eye and its impact in vision: a tutorial. Adv. Opt. Photon. 6, 340–367 (2014).
	59.	 Metcalf, H. Stiles-Crawford Apodization. J. Opt. Soc. Am. A 55, 72–74 (1965).
	60.	 Thibos, L. N. & Bradley, A. in Vision Models for Target Detection And Recognition: in Memory of Arthur Menendez 338–379 (World 

Scientific, 1995).
	61.	 Jiménez, J. R., Alarcón, A., Anera, R. G. & Del Barco, L. J. Hyperopic Q-optimized algorithms: a theoretical study on factors 

influencing optical quality. Biomed. Opt. Express 8, 1405–1414 (2017).
	62.	 Arnalich-Montiel, F., Del Barrio, J. L. A. & Alió, J. L. Corneal surgery in keratoconus: which type, which technique, which out-

comes?. Eye Vis. 3, 1–14 (2016).

https://my.zemax.com/en-US/Knowledge-Base/kb-article/?ka=KA-01355
https://my.zemax.com/en-US/Knowledge-Base/kb-article/?ka=KA-01355
https://doi.org/10.1088/1361-6463/abf577


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16049  | https://doi.org/10.1038/s41598-021-95730-z

www.nature.com/scientificreports/

	63.	 Kwon, Y. & Bott, S. Postsurgery corneal asphericity and spherical aberration due to ablation efficiency reduction and corneal 
remodelling in refractive surgeries. Eye 23, 1845–1850 (2009).

	64.	 Ruberti, J. W., Sinha, R. A. & Roberts, C. J. Corneal biomechanics and biomaterials. Annu. Rev. Biomed. Eng. 13, 269–295 (2011).
	65.	 Shetty, R. et al. Corneal biomechanical changes and tissue remodeling after SMILE and LASIK. Invest. Ophthalmol. Vis. Sci. 58, 

5703 (2017).
	66.	 Kanellopoulos, A. J. Post-LASIK ectasia. Ophthalmology 114, 1230–1230 (2007).
	67.	 Bohac, M. et al. Incidence and clinical characteristics of post LASIK Ectasia: a review of over 30,000 LASIK cases. Semin. Oph-

thalmol. 33, 869–877 (2018).
	68.	 Dupps, W. J. Jr. & Wilson, S. E. Biomechanics and wound healing in the cornea. Exp. Eye Res. 83, 709–720 (2006).
	69.	 Klein, S. R., Epstein, R. J., Randleman, J. B. & Stulting, R. D. Corneal ectasia after laser in situ keratomileusis in patients without 

apparent preoperative risk factors. Cornea 25, 388–403 (2006).
	70.	 Lan, G., Singh, M., Larin, K. V. & Twa, M. D. Common-path phase-sensitive optical coherence tomography provides enhanced 

phase stability and detection sensitivity for dynamic elastography. Biomed. Opt. Express 8, 5253–5266 (2017).
	71.	 Lan, G. & Twa, M. D. Theory and design of Schwarzschild scan objective for optical coherence tomography. Opt. Express 27, 

5048–5064 (2019).
	72.	 Lan, G., Gu, B., Larin, K. V. & Twa, M. D. Clinical corneal optical coherence elastography measurement precision: effect of heartbeat 

and respiration. Transl. Vis. Sci. Technol. 9, 3 (2020).
	73.	 Lan, G., Aglyamov, S., Larin, K. V. & Twa, M. D. In vivo human corneal natural frequency quantification using dynamic optical 

coherence elastography: repeatability and reproducibility. J. Biomech. 121, 110427 (2021).
	74.	 Lan, G., Larin, K. V., Aglyamov, S. & Twa, M. D. Characterization of natural frequencies from nanoscale tissue oscillations using 

dynamic optical coherence elastography. Biomed. Opt. Express 11, 3301–3318 (2020).
	75.	 Wang, S. & Larin, K. V. Shear wave imaging optical coherence tomography (SWI-OCT) for ocular tissue biomechanics. Opt. Lett. 

39, 41–44. https://​doi.​org/​10.​1364/​OL.​39.​000041 (2014).
	76.	 Song, S. et al. Shear modulus imaging by direct visualization of propagating shear waves with phase-sensitive optical coherence 

tomography. J. Biomed. Opt. 18, 121509. https://​doi.​org/​10.​1117/1.​JBO.​18.​12.​121509 (2013).
	77.	 Lan, G., Aglyamov, S. R., Larin, K. V. & Twa, M. D. In Vivo human corneal shear-wave optical coherence elastography. Optom. 

Vis. Sci. 98, 58–63 (2021).
	78.	 Roy, A. S. & Dupps, W. J. Effects of altered corneal stiffness on native and postoperative LASIK corneal biomechanical behavior: 

a whole-eye finite element analysis. J. Refract. Surg. 25, 875–887 (2009).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (61975030, 81771883, 
61871130, 61905040, 81801746, 61425006, and 62005045), Guangdong Basic and Applied Basic Research 
Foundation (2021A1515011981 and 2019A1515010805), Department of Education of Guangdong Province 
(2020KTSCX130), Innovation and Entrepreneurship Teams Project of Guangdong Pearl River Talents Program 
(2019ZT08Y105), Guangdong–Hong Kong–Macao Intelligent Micro-Nano Optoelectronic Technology Joint 
Laboratory (2020B1212030010), National Key Research and Development Program of China (2019YFC1604600), 
and SJTU Medicine Engineering Interdisciplinary Research Fund (YG2017MS19).

Author contributions
Conceptualization: G.L.; Data Collection: J.Z.; Eye Modeling: G.L.; Simulation and Analysis: G.L., W.L., G.M., 
Q.S., Y.S., Y.W., J.F.; Funding Acquisition: G.L., Y.S., J.X., Y.H., J.Q., L.A., X.W.; Investigation: G.L., H.T., L.A., 
X.W.; Methodology: G.L., J.X., Y.H., J.Q.; Administration: H.T., X.W.; Resources: G.L., J.Z., L.A.; Software: G.L.; 
Validation: W.L., G.M., Q.S., Y.S., Y.W., J.F.; Visualization: G.L., W.L., G.M., Q.S., Y.W.; Writing – Original Draft: 
G.L.; Writing – Review & Editing: All authors.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.L., L.A. or X.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1364/OL.39.000041
https://doi.org/10.1117/1.JBO.18.12.121509
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Customized eye modeling for optical quality assessment in myopic femto-LASIK surgery
	Methods
	Patient population. 
	Femto-LASIK surgery. 
	Eye modeling. 
	Statistics. 

	Results
	Ocular parameters. 
	Optical performance analysis. 

	Discussion
	References
	Acknowledgements


