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Purpose: To compare the changes in corneal biomechanics and epithelial thickness after femtosecond laser-assisted in situ kerato-
mileusis (FS-LASIK) in high myopia over —8.00D patients with and without myopia regression.

Methods: This retrospective case-control study included thirty-nine patients. Based on refractive status at one year after surgery,
patients with a myopic shift >1.00 D were classified as the myopic regression group (R group, 33 eyes), while the remaining patients
were classified as the normal group (N group, 42 eyes). Preoperative and postoperative visual outcomes, refraction, topography,
corneal epithelial thickness, and corneal biomechanics were compared.

Results: Ambrosio relational thickness to the horizontal profile (ARTh) at 3, 6, and 12 months postoperatively was significantly
smaller in the R than in the N group, with mean differences of —9.75 (95% confidence interval (CI): —18.44 to —1.04), p= 0.029;
—12.23 (95% CI: —20.02 to —4.42), p= 0.003; and —9.47 (95% CI: —16.86 to —2.08), p= 0.013, respectively. Meanwhile, the stiffness
parameter A1 (SP-A1) at 6 and 12 months after surgery was smaller in the R than in the N group, with mean differences of —6.62
(95% CI: —12.85 to —0.37), p= 0.038 and —7.26 (95% CI: —13.79 to —0.71), p= 0.030, respectively. The postoperative changes in
SP-A1 at 6 and 12 months were significantly larger in the R group than in the N group (6.47, 95% CI: 1.04 to 11.91, p= 0.020; and
5.96, 95% CI: 0.37 to 11.52, p= 0.037, respectively). In addition, corneal epithelial thickness (CET) in different zones showed
a significant negative correlation with refractive error at 12 months after surgery, with correlation coefficients ranging from —0.55 to
—0.32 (all p< 0.05, with the central zone showing p< 0.001).

Conclusion: Ultra-high myopic patients with post-FS-LASIK regression have poorer corneal biomechanics and greater central
epithelial thickening, highlighting these factors as key susceptibility features for refractive instability. Early assessment of these
parameters may help identify at-risk patients and guide personalized management to improve long-term outcomes.
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Introduction

Refractive regression can significantly impact the long-term stability and predictability of corneal refractive surgery,
thereby impairing visual performance and quality of life." This complication is particularly concerning in patients with
ultra-high myopia (typically spherical equivalent > —8.00 D), as the deeper laser ablation required in these cases leaves
a thinner residual stromal bed, increasing the risk of biomechanical instability and subsequent myopic shift.'= It is well-
documented that myopic regression increases with higher corrections,' and the reduction in corneal biomechanical
strength correlates with the percentage of tissue altered (PTA) and residual stromal bed thickness.?
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Current corneal refractive surgeries include photorefractive keratectomy (PRK), which ablates stroma after epithelial
removal; laser in situ keratomileusis (LASIK), which creates a corneal flap followed by stromal ablation; and small
incision lenticule extraction (SMILE), a flapless technique that removes an intrastromal lenticule through a small
incision. Each technique carries specific complications: PRK may cause postoperative pain and corneal haze;' LASIK
involves flap-related risks such as dislocation and epithelial ingrowth, and significantly alters corneal biomechanics due
to flap creation;'> SMILE better preserves biomechanical strength but is technically demanding.? Among these,
femtosecond LASIK (FS-LASIK) is particularly relevant for ultra-high myopia correction, yet its impact on biomecha-
nical stability warrants further investigation.

4 and the increased

Myopic regression after refractive surgery for correcting high myopia is not uncommon,”
epithelial thickness is one of the major causes of this complication.” The —8.00 D threshold for ultra-high myopia was
selected based on our previous finding that most patients with significant regression after FS-LASIK had preoperative
spherical equivalent exceeding —8.00 D, with greater epithelial thickening and biomechanical compromise.’ Clinically,
patients between —8.00 D and —10.00 D are the primary FS-LASIK candidates for high myopia, while those exceeding
—10.00 D increasingly choose implantable collamer lens (ICL) surgery. More specifically, myopic regression can occur
when the epithelial thickness in the central zone becomes greater than that in the paracentral and mid-periphery zone.®
Previous studies showed that typical procedures such as PRK, LASIK, and SMILE can increase epithelial thickness.”* In
theory, refractive regression can be a surgical retreatment procedure; however, the likelihood of postoperative corneal
ectasia is markedly increased, and many patients are no longer suitable for retreatment due to the thin corneal thickness
after the first surgery. In such a case, the preferred approach to treat myopic regression is to use steroids and
antiglaucoma medications to temporarily improve visual acuity.>’

Currently, it is believed that changes in the corneal curvature gradient and the decrease in corneal biomechanics are
the main reasons for epithelial remodeling and thickening during regression.'®!" The combination of corneal laser with
collagen cross-linking can improve postoperative corneal biomechanics, significantly reducing epithelial thickness.'' "
However, whether this method can improve postoperative refractive status and vision remains inconclusive.'* In addition,
epithelial thickness has also been considered to be influenced by additional parameters such as corneal wound healing,
nerve injury, and regeneration.'

Our previous study (Li et al, 2022) prospectively investigated steroid treatment response in patients with established
regression after FS-LASIK or TPRK.’ In contrast, the present retrospective case-control study investigates early
biomechanical and epithelial predictors of regression in a consecutive ultra-high myopia cohort followed from surgery
through 12 months. While the prior work examined epithelial changes after regression occurred, the current study focuses
on pre-regression characteristics that may identify at-risk patients. Early identification of biomechanical predictors in
ultra-high myopia enables proactive management—such as counseling, prophylactic corneal cross-linking (CXL), or
intensified monitoring—thereby improving surgical safety and long-term stability. Therefore, the purpose of this study
was to investigate the epithelial thickness increase and corneal biomechanical changes after FS-LASIK in ultra-high-
myopic patients with and without postoperative myopia regression.

Patients And Methods

Patients and Measurements
This retrospective case-control study consecutively enrolled 39 patients (75 eyes) who underwent FS-LASIK for ultra-
high myopia (SE > —8.00 D) at Qingdao Eye Hospital between May 2021 and July 2023 and completed the 12-month
follow-up. Table 1 summarizes the inclusion and exclusion criteria.'® All surgeries were uneventful, and no eyes were
excluded due to postoperative complications.

Based on refractive status at 12 months postoperatively, eyes with a myopic shift > 1.00 D were classified as the
regression group (R group, 33 eyes), and those with shift < 1.00 D as the normal group (N group, 42 eyes). This
classification was determined solely by the objective refractive outcomes at 12 months postoperatively, rather than by any

preoperative patient characteristics or investigator assignment.
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Table | Inclusion and Exclusion Criteria

Category Criteria

Inclusion Criteria Age 2 18 years

Clear cornea with no opacities

Stable refractive error for a minimum of one year

Discontinuation of soft contact lenses for at least one week and rigid contact lenses for at least three weeks prior to
preoperative examination

Spherical equivalent refraction 2 —8.00 and < —10.00 D

Astigmatism < —6.00 D

Exclusion Criteria Abnormal or keratoconic topography

Prior ocular surgery

Existing ocular diseases (e.g., glaucoma, uveitis, herpetic keratitis, cataract)

Systemic diseases that may impair corneal wound healing (e.g., diabetes mellitus, autoimmune diseases, collagen vascular
diseases)

Pregnancy or lactation

Postoperative complications requiring intervention (none occurred in this series)

Abbreviation: D, diopter.

The patients were thoroughly briefed on the objectives of our research, including the potential advantages and
disadvantages associated with FS-LASIK surgery. Each patient signed an informed consent form to take part in the study.
The study protocol adhered to the principles outlined in the Declaration of Helsinki and received approval from the
Ethics Committee of Qingdao Eye Hospital of Shandong First Medical University [2021]02.

Standard ophthalmic examinations were performed on all patients, including axial length, corneal curvature and
thickness, cycloplegic and manifest refraction, slit-lamp evaluation of the anterior and posterior segment, uncorrected
distance visual acuity (UDVA), corrected distance visual acuity (CDVA), and intraocular pressure (IOP). The Pentacam
analysis system (Oculus, Pentacam HR, Wetzlar, Hesse, Germany), dynamic Scheimpflug analyzer (Oculus, Corvis ST,
Wetzlar, Hesse, Germany), and anterior segment optical coherence tomography (Optovue Inc., RTVue-100, Fremont, CA,
USA) were used to perform the measurements before and after the surgery. The epithelial thickness map, which
encompasses a 7-mm diameter area, was separated into 17 sectors. This included a central 2-mm zone and eight octants
equally distributed within the paracentral (2—5 mm), and midperipheral (5-7 mm) zones. The same skilled doctor
performed all examinations. This standardized protocol is automatically generated by the RTVue OCT system and is
widely used in corneal refractive surgery research because it provides comprehensive spatial distribution of epithelial
thickness.” The central zone is of particular interest as epithelial thickening in this region has been associated with
myopic regression, while the paracentral and mid-peripheral zones allow assessment of the epithelial remodeling pattern

across the cornea.’

Surgical Methods

A skilled surgeon (KL) performed all FS-LASIK surgeries under topical anesthesia. A WaveLight FS200 femtosecond
laser (WaveLight GmbH, FS200, Erlangen, Germany) was used to create each flap, with a thickness of 110 pm and
a diameter of 8.3 mm. The hinge position was superior, and the pulse energy was 0.80 uJ.'” The Amaris 750S excimer
laser (Schwind Eye-Tech-Solutions, Amaris 750S, Kleinostheim, Germany) with an optical zone of 6.0-6.3 mm was
utilized for laser ablation. All surgical operations went smoothly, with emmetropia as the targeted postoperative
refraction. The standard postoperative regimen included one drop each of 0.3% levofloxacin qid for one week and
0.1% fluorometholone qid for the first two weeks, and then reduced once every two weeks. Following surgery, all patients
were followed up 1 day, 1 week, 1 month, 3 months, 6 months, and 1 year. Uncorrected and corrected distance visual
acuity (UDVA and CDVA, respectively), subjective refraction, IOP, topography, corneal biomechanics, and CET were

evaluated in the patients.
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Statistical Analysis

All data were analyzed using IBM SPSS version 27.0. Continuous variables are presented as mean + standard deviation.
Normality was assessed using the Kolmogorov—Smirnov test. To compare the two groups across multiple time points,
a two-way repeated measures ANOVA was performed. Comparisons at each time point were conducted using estimated
marginal means with Bonferroni adjustment. Statistical significance was set at p < 0.05. Pearson correlation was used to
examine the relationship between corneal epithelial thickness (CET) and refractive error at 12 months. Linear regression
quantified these relationships, reporting slopes () with 95% confidence intervals.

Sensitivity Analysis
As both eyes from some patients were included, a sensitivity analysis was performed by randomly selecting one eye per
patient (39 eyes) and re-analyzing ARTh at 12 months using an independent samples #-test.

Post-Hoc Power Analysis

A post-hoc power analysis was performed based on the primary outcome (ARTh at 12 months). With observed means (R
group: 114.19 + 14.57; N group: 123.66 £ 16.92), the effect size was 0.60 (Cohen’s d). Using G*Power 3.1 (a = 0.05,
power = 80%), the estimated minimum sample size was approximately 36 eyes per group. Our study (33 R group, 42
N group) is adequately powered.

Results

Baseline

Based on their refractive status one year after surgery, patients with a myopic shift of 1.00 D or greater were classified as
the myopic regression group (R group), while the remaining patients were classified as the normal group (N group).
A total of 33 eyes from 17 patients and 42 eyes from 22 patients were included in the R group and N group, respectively.
No significant differences were observed in preoperative parameters, including sphere, cylinder, SE, central corneal
thickness, mean corneal curvature, optical zone, and ablation depth (p > 0.05), between the two groups (Table 2).

Visual Acuity and Refractive Status

Visual acuities were converted to the logarithm of the minimum angle of resolution (logMAR) for analysis. A statistically
significant difference was observed in UDVA, sphere, and SE of the myopic regression group and normal group at 3, 6,
and 12 months after surgery (all p < 0.05), as shown in Table 3. In contrast, no differences were observed in CDVA and
cylinder between both groups at 3, 6, and 12 months postoperatively (all p > 0.05).

Table 2 Baseline Characteristics of the Patients in Both Groups

Parameters Myopic Regression Group Normal Group Mean Difference (95% CI) | p value
No. of eyes 33 42

Male: female 5:2 7:15

Age (yr) 26.33+5.86(18 to 40) 28.52+6.69(19 to 39) —2.19(-5.13,0.75) 0.142
Sphere (D) —7.90+0.64(—9.00 to —6.25) | —7.73+0.50(—9.00 to —7.00) -0.17(—0.44,0.08) 0.183
Cylinder (D) —1.20+0.94 (—4.50 to 0) —1.29£0.67(-3.00 to —0.25) 0.09(-0.28,0.47) 0.614
SE (D) —8.50£0.35(—9.125 to —8.00) | —8.3740.40(—9.50 to —8.00) -0.13(-0.31,0.05) 0.154
CCT (um) 540.76+18.55(518 to 580) 547.40+17.00(517 to 580) -6.64(—14.85,1.55) 0.115
Anterior Km (D) 43.62+1.12(41.4 to 45.7) 43.27+0.85(41.2 to 45.5) 0.35(-0.11,0.80) 0.131
Posterior Km (D) -6.29 + 0.15(—6.5 to —6.1) -6.27 + 0.11(—6.5 to —6.0) -0.02(—0.08,0.04) 0.453
OZ (mm) 6.14£0.07(6.00 to 6.30) 6.16+0.08(6.00 to 6.30) -0.02(—0.06,0.01) 0.203
Ablation depth (um) 123.18+5.89(1 15 to 141) 122.98+4.29(1 16 to 134) 0.20(—2.13,2.54) 0.862

Abbreviations: SE, spherical equivalent; CCT, central corneal thickness; OZ, optical zone; Anterior Km, mean keratometry reading of the anterior
cornea; Posterior Km, mean keratometry reading of the posterior cornea; D, diopter; Cl, confidence interval.
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Table 3 Comparison of Visual Acuity and Refractive Status Between the Two Groups

Parameters 3 Months 6 Months 12 Months

R Group N Group | p value | R Group N Group | p value | R Group N Group | p value

UDVA (logMAR) | 0.04£0.06 | —0.02+0.05 | <0.001* | 0.05+0.06 | —0.03+0.05 | <0.001* | 0.06+0.06 | —0.03+0.04 | <0.00!*
CDVA (logMAR) | —0.03+0.04 | —0.03+0.04 0.575 —0.04+0.04 | —0.04+0.04 0.985 —0.02+0.04 | —0.03+0.04 0.330

Sphere (D) —0.89+0.48 | —0.09+0.40 | <0.001* | —1.16+0.32 | —0.19£0.44 | <0.001* | —1.19£0.23 | —0.34+0.36 | <0.001*
Cylinder (D) —0.36+0.18 | —0.38+0.28 0.681 —0.35+0.26 | —0.37+0.22 0.629 —0.40+0.25 | —0.34£0.21 0.248
SE (D) —1.08£0.45 | —0.23+0.46 | <0.001* | —1.33£0.32 | —0.38£0.44 | <0.001* | —1.39+0.27 | -0.51£0.39 | <0.001*

Note: * represents statistically significance.
Abbreviations: UDVA, uncorrected distance visual acuity; CDVA, corrected distance visual acuity; logMAR, logarithm of the minimum angle of resolution; SE,
spherical equivalent; D, diopter.

Posterior Corneal Surface Parameters

The flat K reading (K1) of posterior corneal curvature in the R group was —6.11+0.14D, —6.07+0.14D, —6.07+0.14D, and
—6.08+0.15D prior to and 3, 6, and 12 months post-surgery, respectively. The steep K reading (K2) of posterior corneal
curvature was —6.50+0.19D, —6.44+0.19D, —6.47+0.18D, and —6.48+0.19D preoperatively and 3, 6, and 12 months post-
operatively, respectively. The mean K reading (Km) of posterior corneal curvature was —6.29+0.15D, —6.26+0.14D, —6.29
+0.15D, and —6.2940.15D before and 3, 6, and 12 months after surgery, respectively. In the N group, the K1 was —6.08+0.11D,
—6.05+0.12D, —6.06+0.12D, and —6.06+0.11D prior to and 3, 6, and 12 months post-surgery, respectively. The K2 was —6.46
+0.16D, —6.43+0.16D, —6.46+0.17D, and —6.46+0.15D before and 3, 6, and 12 months after surgery, respectively. The Km
was —0.27+0.11D, —6.24+0.11D, —6.26+0.11D, and —6.2640.12D prior to and 3, 6, and 12 months post-surgery, respectively.
No significant differences were observed between the two groups for any posterior corneal surface parameter (K1, K2, or Km)
at any time point (preoperative: all p>0.379; 3 months: all p>0.458; 6 months: all p>0.411; 12 months: all p>0.264).

Corneal Biomechanical Parameters

The corneal biomechanical parameters of the regression group and the normal group both pre and postoperatively are
shown in Table 4. Our findings revealed that the Ambrosio relational thickness to the horizontal profile (ARTh) was
significantly smaller in the regression group than in the normal group at all follow-up visits (p =0.029; p =0.003;
p =0.013). Meanwhile, the stiffness parameter A1 (SP-A1) was smaller in the regression group than in the normal group
at 6 and 12 months after surgery (p =0.038; p =0.030). No significant differences in other biomechanical parameters were
observed between the two groups (all p > 0.05).

Changes in the Corneal Biomechanical Parameters

Changes in the corneal biomechanical parameters before and after surgery between the two groups are shown in Table 5.
SP-Al changes at 3, 6, and 12 months after surgery were greater in the regression group than in the normal group;
however, this change was statistically significant at 6 and 12 months (p =0.020 and 0.037), but not at 3 months (p
=0.312). No differences in other biomechanical parameters were observed.

Corneal Epithelial Thickness

CET was divided into 17 different zones in the 7-mm diameter area, as shown in Figure 1A—C) demonstrates the corneal
schematic diagram in different zones, which displays the mean and standard deviation of CET in both groups before and
12 months after surgery. CET between the two groups did not show any statistically significant difference before surgery.
In contrast, at 12 months postoperatively, CET in the regression group was significantly thicker than that in the normal
group in 15 of the 17 zones, with p values ranging from <0.001 to 0.042. The exceptions were the T7 and ST7 zones,
where the differences did not reach statistical significance (T7: p = 0.617; ST7: p = 0.085).

Clinical Ophthalmology 2026:20 heeps: 5
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Table 4 Corneal Biomechanics Parameters Preoperatively and Postoperatively

Parameters Preoperative 3 Months 6 Months 12 Months
R Group N Group p value | R Group N Group p value | R Group N Group p value | R Group N Group p value

CCT (um) 550.45+18.84 | 556.19+21.00 | 0.223 419.94£16.18 | 424.81+23.04 | 0.306 421.39£15.54 | 427.31%22.57 | 0.203 423.30£14.36 | 428.00+21.95 | 0.291
Al time (ms) 7.670.24 7.60£0.22 0.205 7.24+0.20 7.19£0.21 0.335 7.30£0.21 7.26%0.19 0.384 7.27%0.22 7.29+0.18 0.685
Al length (mm) 2.21£0.13 2.19£0.11 0.429 1.860.31 1.86+0.20 0.987 1.88+0.29 1.89+0.20 0.881 1.86+0.28 1.89+0.20 0.649
Al velocity (m/s) | 0.14+0.02 0.14£0.02 0.934 0.16+0.02 0.16+0.01 0.992 0.16+0.02 0.16+0.02 0.417 0.16+0.02 0.16+0.02 0.363
A2 time (ms) 21.72+0.49 21.71£0.39 0.933 22.16+0.41 22.10+0.35 0.550 22.30+0.46 22.29+0.36 0.954 22.29+0.46 22.30+0.38 0.889
A2 length (mm) 2.58+0.44 2.45+0.36 0.153 2.24+0.74 1.98+0.78 0.148 2.11£0.71 2.10£0.76 0.959 2.27+0.76 2.02+0.66 0.120
A2 velocity (m/s) | —0.26%0.03 —0.25+0.04 0.342 —0.27+0.04 —0.26+0.03 0.602 —0.27+0.03 —0.27+0.03 0.799 —0.28+0.04 —0.27+0.03 0.449
HC time (ms) 17.19+0.40 17.04+0.50 0.160 17.14+0.48 17.06+0.48 0.474 17.26+0.55 17.08+0.44 0.127 17.25+0.56 17.08+0.42 0.131
DA ratio 2.0mm | 4.17+0.30 4.17+0.26 0.982 5.43+0.44 5.43+0.37 0.964 5.49+0.46 5.41+0.40 0.361 5.50+0.46 5.34+0.34 0.112
IR (mm ") 8.65+0.96 8.74+0.82 0.661 12.15+0.86 12.02+0.82 0.495 12.19+0.92 12.05+0.88 0.494 12.14£0.93 12.01+0.85 0.534
ARTh 506.60+73.90 | 523.97+70.26 | 0.302 109.98+15.75 | 119.73£20.79 | 0.029* 112.78+15.37 | 125.01£17.88 | 0.003* 114.19£14.57 | 123.66£16.92 | 0.013*
SP-Al 123.33£13.15 | 126.97£16.10 | 0.295 86.36x15.13 90.56+14.17 0.220 83.58+14.09 90.20+12.94 0.038* 83.30£16.09 90.56+12.34 0.030%*
CBI 0.01+0.02 0.01+0.03 0.426 1.00+0.01 1.00£0.01 0.538 1.00+0.01 1.00+0.01 0.380 1.00£0.01 1.00+0.01 0.344
Ssl 0.79+0.10 0.79£0.12 0.945 0.77£0.12 0.81£0.17 0.226 0.75+0.09 0.75+0.09 0.794 0.75+0.09 0.75%0.10 0.975

Notes: For the primary outcome measures (ARTh and SP-Al), the mean differences (95% confidence intervals) between groups at each time point were:ARTh: 3 months: —9.75 (—18.44 to —1.04); 6 months: —12.23 (—20.02 to —4.42); 12
months: —9.47 (—16.86 to —2.08) SP-Al: 6 months: —6.62 (—12.85 to —0.37); 12 months: —7.26 (—13.79 to —0.71) * represents statistically significance.
Abbreviations: CCT, central corneal thickness; Al, Ist applanation; A2, 2nd applanation; HC, highest concavity; DA ratio 2.0 mm, deformation amplitude ratio 2.0 mm; IR, integrated radius; ARTh, Ambrosio relational thickness through
the horizontal meridian; SP-Al, stiffness parameter at first applanation; CBI, Corvis biomechanical index; SSI, corneal stress-strain index.
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Table 5 Change in Corneal Biomechanics Parameters

Parameters Preoperative Minus 3 Months Preoperative Minus 6 Months Preoperative Minus 12 Months
R Group N Group p value R Group N Group p value R Group N Group p value

CCT (um) 130.52+18.85 131.38£12.52 0.812 129.06+18.07 128.88+12.14 0.959 127.15£17.97 128.19£12.05 0.766
Al time (ms) 0.43+0.24 0.41+0.28 0.731 0.37+0.24 0.34+0.29 0.670 0.39+£0.22 0.31£0.29 0.162
Al length (mm) 0.35+0.30 0.33+0.21 0.694 0.34+0.28 0.31£0.20 0.584 0.34+0.27 0.31%0.21 0.396
Al velocity (m/s) —0.01£0.02 —0.01£0.02 0.943 -0.01+0.02 -0.02+0.02 0.466 —0.01+0.02 —0.02+0.02 0.422
A2 time (ms) —0.44+0.53 —0.40+0.44 0.694 —0.58+0.58 —0.59+0.48 0.981 —0.57+0.56 —0.59+0.49 0.857
A2 length (mm) 0.34+£0.77 0.46+0.71 0.469 0.42+0.64 0.35%0.75 0.653 0.310.74 0.42%0.68 0.457
A2 velocity (m/s) 0.01+0.03 0.01+0.04 0.657 0.01£0.03 0.02+0.04 0.495 0.02+0.03 0.02+0.04 0.844
HC time (ms) 0.04+0.57 —0.02+0.66 0.679 —0.06+0.58 —0.04+0.55 0.853 —0.06+0.55 —0.04+0.60 0.889
DA ratio 2.0mm —1.26+0.43 —1.26+0.29 0.946 —1.32+0.38 —1.24+0.35 0.274 —1.28+0.32 —1.21+0.28 0316
IR (mm") —3.50+0.87 —3.280.81 0.250 —3.54+0.81 —3.32+0.95 0.262 —3.49+0.89 —3.28+0.94 0.307
ARTh 395.70+73.43 401.63+62.41 0.707 391.69+72.08 399.44+65.74 0.629 394.53+£71.06 400.31+65.90 0.717
SP-Al 39.00+12.00 35.94£13.53 0312 41.59+11.67 35.1211.77 0.020%* 41.42£11.90 35.4612.13 0.037*
CBI —0.99+0.02 —0.99+0.03 0.532 —0.99+0.02 —0.99+0.03 0.578 —0.99+0.02 —0.99+0.02 0.590
SSI 0.02+0.14 —0.02+0.16 0.240 0.04+0.09 0.04£0.11 0.876 0.04+0.10 0.0420.11 0.964

Notes: For the primary outcome measure (SP-Al), the mean differences (95% confidence intervals) between groups at each time point were: Preoperative minus 6 months:
6.47 (1.04 to 11.91); Preoperative minus 12 months: 5.96 (0.37 to 11.52) * represents statistically significance.

Abbreviations: CCT, central corneal thickness; Al, |st applanation; A2, 2nd applanation; HC, highest concavity; DA ratio 2.0 mm, deformation amplitude ratio 2.0 mm; IR,
integrated radius; ARTh, Ambrosio relational thickness through the horizontal meridian; SP-Al, stiffness parameter at first applanation; CBI, Corvis biomechanical index; SSI,
corneal stress-strain index.

Correlations Between Corneal Epithelial Thickness and the Refractive Error
Correlation and regression analyses were performed to evaluate the relationship between corneal epithelial thickness
(CET) and refractive error at 12 months after surgery.

Pearson correlation analysis revealed that CET in nine zones (the central 2-mm zone and eight paracentral 2—5 mm
zones) showed a significant negative correlation with refractive error (all p < 0.05, Figure 2). The correlation coefficients
ranged from —0.55 to —0.32 across these zones, indicating a moderate to strong negative relationship.

Linear regression analysis further quantified these relationships. In the central zone (C4), each 1-um increase in CET
was associated with a 0.056 D decrease in refractive error (f = —0.056, 95% confidence interval (CI): —0.076 to —0.036,
p < 0.001). Across the paracentral zones, the slopes ranged from —0.060 to —0.043, with all p values < 0.05. The
corresponding scatterplots and correlation coefficients are shown in Figure 2.

Sensitivity Analysis

To assess the potential impact of inter-eye correlation, a sensitivity analysis using one randomly selected eye per patient
was performed. The results were consistent with the main analysis: ARTh at 12 months remained significantly lower in
the regression group (111.68 + 11.91 vs. 123.76 + 16.17, mean difference: —12.08, 95% CI: —21.56 to —2.61, p = 0.014).

Discussion
In this study, we found that ultra-high myopic patients who developed postoperative regression after FS-LASIK exhibited
significantly lower ARTh and SP-A1 values at 3, 6, and 12 months compared to those with stable refraction (Table 4).

These parameters, reflecting corneal stiffness and thickness progression,'®'?

are known to decrease after refractive
surgery.” Few studies have investigated whether this decrease differs between eyes with and without subsequent
regression. Our findings suggest that such differences may exist, indicating that early postoperative biomechanical
measurements could potentially help identify patients at higher risk for refractive instability. Furthermore, the regression
group showed significantly greater central epithelial thickening at 12 months, with a strong negative correlation between
epithelial thickness and refractive error (Figure 2), implicating epithelial remodeling as a key contributor to the myopic
shift. These findings extend the current understanding of post-FS-LASIK regression by linking it to both biomechanical

compromise and regional epithelial hyperplasia in the vulnerable ultra-high myopia population.
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Figure | Comparison of the preoperative and postoperative corneal epithelial thickness between the two groups (A): Seventeen different zones in the 7-mm diameter area
of corneal epithelial thickness, C= central, S= superior, T= temporal, |= inferior, N= nasal; (B) Pre-operative; (C) 12 months after surgery.
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Figure 2 Correlation between corneal epithelial thickness in nine different zones and refractive error at 12 months after surgery (A): C4 zone, (B) S5 zone, (C) ST5 zone,
(D) T5 zone, (E) IT5 zone, (F) I5 zone, (G) IN5 zone, (H) N5 zone, (I) SN5 zone; CET: corneal epithelial thickness.
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Our data showed that both ARTh and SP-A1 after FS-LASIK were smaller in the R group than that in the N group at
all follow-up times. SP-A1 is regarded as an important parameter for assessing corneal stiffness at the time of first
applanation,'® and larger SP-A1 values indicate stiffer corneas. ARTh is the quotient of corneal thickness at the thinnest
point of the horizontal meridian and thickness progression.'® Therefore, a lower ARTh value is suggestive of a thinner
cornea and a faster thickness progression toward the periphery. In the present study, it indicated the thicker and stiffer
corneas in N group than that in R group after surgery.

While SP-A1 and ARTh were significantly lower in the regression group, the stress-strain index (SSI) —a parameter
reflecting intrinsic material stiffness independent of thickness—showed no significant difference between groups. This
dissociation suggests that regression-prone corneas are not materially softer, but rather structurally disadvantaged: they
are thinner with steeper thickness progression (lower ARTh). Biomechanical measurements reflect not only tissue
hardness but also thickness, structure, and hydration. Even with comparable intrinsic material properties (SSI), differ-
ences in corneal geometry lead to distinct stress distribution under intraocular pressure. This differential stress may be
perceived differently by epithelial cells, influencing their proliferative response and contributing to epithelial remodeling
and regression. Thus, susceptibility to regression in ultra-high myopic eyes appears driven primarily by structural reserve
rather than material weakness.

Anterior surfaces flattened by laser ablation are commonly compensated by epithelial remodeling and thickening to
maintain good optical quality of the cornea after refractive surgery.”'®** In our study, CET in different zones showed
a significant negative correlation with refractive error at 12 months after surgery. However, epithelial thickening patterns
matter: lenticular-shaped central thickening increases optical power and promotes regression, while negative meniscus-
like peripheral thickening does not.”' Reinstein et al** showed an approximate 6-um increase in epithelial thickness over
the central 7-mm corneal zone at 1 year after LASIK for myopia. After the first month, the authors observed that the
epithelium thickened by 5 um and correlated with a —0.38 D shift in refraction. In contrast, our findings revealed
a significantly greater degree of epithelial thickening at one year after surgery, because we included patients with ultra-
high myopia, as opposed to Reinstein et al which included patients with moderate to low myopia.

In our previous study, the postoperative refractive status of patients undergoing FS-LASIK was more likely to drift to
myopia than TPRK when correcting high myopia, which may be related to the more decreased biomechanical stability
and more obvious epithelial thickening after FS-LASIK.** Kanellopoulos and Asimellis believe that postoperative
epithelial thickness is not only influenced by the corneal curvature gradient, but also by corneal biomechanics.>*?
One factor is that the amount of epithelial thickening is determined by the rate of change of the curvature of the stromal
surface.”® Another possible factor is that a thinned cornea, hereby inducing epithelial hyperplasia.>>’ Beyond biome-
chanics, wound healing plays a crucial role: experimental studies demonstrate that inflammation, oxidative stress, and
growth factors affect epithelial regeneration.®° This highlights the multifactorial nature of epithelial remodeling.

The combination of FS-LASIK and TPRK with prophylactic high-fluence cross-linking has been shown to strengthen
corneal rigidity and decrease the degree of epithelial thickening, reducing the probability of refractive regression.'"'? In
our study, ARTh and SP-A1 of the refractive regression group were lower than those of the normal group, accompanied
by an increase in corneal epithelial thickness. Previous studies revealed superior postoperative biomechanical outcomes
following SMILE than after FS-LASIK,*' ** and that the degree of epithelial hyperplasia is greater after FS-LASIK than
after SMILE in both central and paracentral regions.’ This in turn suggests that biomechanical changes are closely related
to the degree of epithelial hyperplasia, and the greater they are, the more obvious the corneal epithelial hyperplasia can
be. In addition to the thickening of the corneal epithelium, other studies suggested that refractive regression is related to
the protrusion of the posterior corneal surface.*> >’ As shown in the results, we also analyzed the postoperative corneal
posterior surface parameters of the two groups and did not find any differences.

This study has several limitations. First, we could not confirm the exact starting point of refractive regression.
Although the epithelial thickness profile has been reported to be stable between 3 and 12 months after surgery,” the
absence of epithelial measurements at earlier postoperative time points precludes analysis of the temporal relationship
between epithelial remodeling and the onset of regression. Second, as a retrospective case-control study, our findings are
subject to potential selection bias. This bias may not fully account for preoperative differences or confounding factors
such as individual wound healing responses, preoperative biomechanical variations, or medication adherence. Although
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patients were enrolled consecutively to minimize bias, unmeasured confounding factors could not be fully controlled.
Third, although both eyes from some patients were included, we did not explicitly account for inter-eye correlation in the
primary analysis. However, a sensitivity analysis using one randomly selected eye per patient yielded consistent results
for the primary outcome, suggesting that this potential bias is unlikely to have substantially influenced our main
conclusions. Nevertheless, future prospective studies should employ appropriate statistical methods (eg., mixed-effects
models or generalized estimating equations) to account for inter-eye correlation. Fourth, causative relationships cannot be
established. Fifth, patient-reported outcomes such as subjective satisfaction were not assessed, limiting our ability to
evaluate the full clinical impact of regression. Finally, the regression group (33 eyes) was slightly below the estimated
ideal sample size (36 eyes). Larger prospective studies are warranted.

In conclusion, this study provides novel insights into the biomechanical and epithelial characteristics associated with
regression after FS-LASIK. Our findings demonstrate that ultra-high myopic patients who develop regression exhibit
poorer postoperative corneal biomechanics (lower ARTh and SP-Al) and greater central epithelial thickening. The
negative correlation between epithelial thickness and refractive error further underscores the role of epithelial remodeling
in refractive outcomes. These results highlight that compromised biomechanical integrity and regional epithelial
hyperplasia are key features of eyes susceptible to regression. Early assessment of these parameters may help identify at-
risk patients, enabling personalized management and improving long-term refractive stability.
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