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Purpose: The safety and stability of implantable collamer lens (ICL) implantation are closely related to the vault. We aimed to assess
clinical data from patients with similar anterior segment anatomy who received ICL of the same model placed in the same position and
analyze common range and factors affecting the vault inter-eye difference.

Patients and Methods: A prospective study was performed, including 162 eyes of 81 patients with a bilateral ICL (V4c)
implantation. Subjects were evaluated before the surgery and 1 day, 1 week, and 1 month postoperatively, and they were divided
into 4 groups based on the ICL size. Bivariate correlation and multiple linear regression (stepwise) analyzed associations between
vault inter-eye differences and horizontal sulcus-to-sulcus diameter, anterior chamber depth, lens thickness, ICL size, spherical
equivalent, and vault.

Results: One month after surgery, mean vault inter-eye differences were 74.59 + 55.59 um. Nearly 70% of patients presented with
vault inter-eye differences lower than 100 pm. The second eye vault variance of 69% was attributed to the first eye vault. Vault inter-
eye differences were positively correlated with ICL spherical equivalent (regression equation: vault inter-eye differences (um) =
139.415 + 6.295 x ICL spherical equivalent). Vaults after ICL implantation were similar in fellow eyes, with some considerable
differences. The 95% confidence interval of the vault inter-eye difference was —34.4 ~ 183.6 um.

Conclusion: In eyes with similar anterior segment anatomy, there is a 95% probability that the vault will vary from —34.4 um to
—183.6 um when a similar ICL is implanted. These results can help surgeons to select an appropriate ICL size to achieve an ideal vault.
The smaller the spherical equivalent, the larger the difference between the two vaults, which provides a reference for size in moderate
myopia. ICL spherical equivalent affects and predicts vault inter-eye differences after ICL implantation.
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Introduction

With extensive developments in refractive surgery in China, implantable collamer lenses (ICLs) have gradually become
popular. High myopia and astigmatism can be effectively treated with the implantation of an ICL."* The ICL is
implanted between the posterior iris and the anterior surface and anterior suspensions of the lens capsule and is fixed
to the ciliary sulcus by loops.*

The vault is the vertical distance between the posterior surface of the ICL and the anterior surface of the lens. Studies show
that when the vault is <250 pm it increases the risk of postoperative cataract formation,* while >750 um increases the risk of
angle closure, pupillary block, and pigment-dispersed glaucoma.®” Therefore, Montés-Micé et al® suggest that the optimal
vault is between 250 um and 750 pum. To reduce the occurrence of complications after ICL implantation, many experts and
scholars have proposed formulas to predict the vault.”'° Kojima et al'' added the ACD and the distance between the sulcus-to-
sulcus plane and the anterior surface of the lens as variables and obtained the K-formula, which was significantly better than

the traditional STAAR formula for predicting postoperative vault. Igarashi et al'? concluded that the angle-to-angle measure-
ments had higher reproducibility than the white-to-white measurements on AS-OCT, making it a more important predictor of

postoperative vault. Nakamura et al obtained the NK formula by incorporating anterior chamber width and crystalline lens rise

. . . . . . . . 13.14
into the calculation of ICL size, which greatly improved the proportion of the ideal postoperative vault.'*
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Kamiya et al,'> Martinez et al,'® and Cerpa et al'’ concluded that the vault obtained in both eyes was highly
correlated. We aimed to measure the clinical data of patients with similar anterior segment anatomy who were implanted
with ICLs of the same model placed in the same position and analyze the common range and factors affecting the vault
inter-eye difference.

Materials and Methods

Patients

Patients who underwent bilateral ICL/TICL (EVO-V4c, STAAR Surgical AG, Nidau, Switzerland) at Shanxi Eye
Hospital between March and September 2022 were included as per the following criteria: (1) aged 18 to 51 years; (2)
myopia higher than —3.0 D, astigmatism lower than —5.0 D, and annual diopter change <0.50 D for two consecutive
years; (3) anterior chamber depth (ACD) >2.8 mm; (4) corneal endothelial cell count >2000/mm” and stable cell
morphology; (5) ACD difference <0.2 mm in both eyes, white-to-white distance (WTW) difference <0.4 mm, spherical
equivalent (SE) of ICL <10 D, horizontal sulcus-to-sulcus (hSTS) of both eyes <1 mm, lens thickness (LT) of both eyes
<1 mm; (6) same type and size of ICL implanted in both eyes and the implantation axis for spherical lenses within 10° of
horizontal deviation. We excluded patients as per the following criteria: (1) glaucoma, uveitis, diabetic retinopathy,
pigment dissemination, and pseudo-exfoliation syndrome; (2) other ocular surgery; (3) autoimmune diseases (such as
systemic lupus erythematosus) or mental diseases; (4) lactating or pregnant patients; and (5) patients who lacked data or
did not cooperate with the examination. The Medical Ethics Committee at Shanxi Eye Hospital approved this study,
which was conducted according to the Declaration of Helsinki principles.

Preoperative Examination

All patients underwent a series of ocular examinations before surgery, including uncorrected distance visual acuity
(UDVA), best-corrected distance visual acuity (BDVA), subjective and objective refraction, slit-lamp assessment of the
anterior segment anatomy, intraocular pressure, mydriasis, ocular ultrasound, corneal endothelial cell count, and optical
coherence tomography (OCT). A Pentacam (HR, OCULUS Optikgerdte GmbH, Wetzlar, Germany) was used to measure
WTW, corneal curvature, ACD, and anterior chamber volume. An IOL Master 700 (Carl Zeiss Meditec, Jena, Germany)
was used to measure the axial length, LT, and WTW. Horizontal and vertical sulcus-to-sulcus ratios were measured using
ultrasound bio-microscopy (Suowei Electronic Technology Co, Tianjin, China).

Size Selection of ICL

The ICL/TICL is a single flat, concave lens made of a collamer, which is highly biocompatible, absorbs ultraviolet light,
and is foldable. The V4C lenses used at the institute have a central aperture. The optical area has a central aperture of
0.36 mm, allowing aqueous humor to enter the anterior chamber directly through the central aperture, thus avoiding
a preoperative iridotomy, and can maintain the normal physiological environment of the eye. ICL/TICL comes in four
sizes: 12.1 mm; 12.6 mm; 13.2 mm; and 13.7 mm. The sphere diopter of ICL was —0.5 ~ —18.0 D, and the cylinder
diopter of TICL was —0.5 ~ —6.0 D. Preoperative refraction, corneal curvature K 1 and K 2, ACD, and WTW from
Pentacam were entered into the Online Calculator and Ordering System (OCOS) (https://evo-ocos.staarag.ch/live/). The

diopter, astigmatism, axial, and size of ICL/TICL were calculated. Horizontal and vertical sulcus-to-sulcus and the size,
location, and number of iris cysts were considered to select the ICL/TICL size.

Surgical Technique

The same surgeon performed all the surgeries on two different days, with the right eye as the first operated eye. The ICL/
TICL implantation was performed using a standard procedure. TICL implantation patients also underwent axial labeling
under a slit-lamp microscope before mydriasis. The limbal incision was made at the position of 120° after routine
disinfection and topical anesthesia. After the ICL/TICL was pushed into the anterior chamber, an appropriate amount of
viscoelastic agent was injected into the upper ICL/TICL, and a positioning hook was used to adjust the ICL/TICL in the
posterior chamber. If an ICL was implanted, we adjusted to the center position; if TICL, we adjusted to the planned axis
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position according to the localization chart and corneal marker. A washing needle was used to wash the viscoelastic agent
in the anterior chamber, and the incision was closed using water.

Antibiotic and corticosteroid drugs were dropped into the conjunctival sac. The intraocular pressure (IOP), the
position of the ICL/TICL, and the reaction of the anterior chamber were measured 2 h after surgery. No intra-operative
complications were observed.

Postoperative Examination

The same physician performed all examinations at one day, week, and month after surgery. We examined visual acuity
(UDVA and BDVA), intraocular pressure, and slit-lamp microscopy. Anterior segment OCT (AS-OCT) (RTVuel00,
Zeiss Meditec AG, Jena, Germany) was performed to measure the vault under dark ambient illumination (0.5 lux). The
patient’s gaze and scan status were monitored using a screen to ensure that the scanning site was at the center of the
cornea. The vault was measured vertically from the posterior surface of the ICL to the anterior surface of the lens. Inter-
eye vault difference was recorded between the vaults of the first and second eyes. The 95% confidence interval (CI) was
mean £+ 1.96 standard deviation (SD). The two ophthalmologists analyzed the measurements’ accuracy, which was
performed using the instrument’s own measurement software (Figure 1).

Statistical Analysis

SPSS v26.0 (IBM Corp., Armonk, NY, USA) was utilized for all statistical analyses. All results are provided as mean +
SD. The Kolmogorov—Smirnov test was used to determine the normality of the data. The paired sample #-test and the
Kruskal-Wallis rank test were used when the data samples were not normally distributed. Pearson’s test was used to test
the correlation with normal distribution, and Spearman’s test was used to test the correlation with non-normal distribu-
tion. Multivariate linear regression (stepwise method) was applied to determine the influence of the parameter’s
magnitude (RE and LE average: horizontal sulcus-to-sulcus diameter, anterior chamber depth, lens thickness, ICL size,
spherical equivalent, and vault) on the absolute vault AE, to understand whether parameters’ magnitude influenced the
vault AE. The intraclass correlation coefficient (ICC) was used to test the consistency of the parameters between the left
and right eyes. P < 0.05 was deemed statistically significant.

Results

Eighty-one patients (162 eyes) with a mean age of 27.3 + 6.7 years (range, 19-51 years) were included in the analysis,
comprising 22 men and 59 women (Table 1). In either the right or left eye, there was no significant difference in the ICL
SE, ACD, hSTS, or LT (P > 0.05). There was high agreement between the measurements of the right eyes and the left
eyes (ICC range: 0.79 ~ 0.97) (Table 2). According to Spearman correlation analysis, ICL SE, and vault AE had
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Figure | AS-OCT measurements of the bilateral vault. The vault is the vertical distance from the posterior surface of the ICL to the anterior surface of the lens.
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Table 1 Demographic Summary of the Sample After Similarity Control Between Fellow Eyes

Parameter ICL TICL
N
Gender (male/female) 4/27 18/32
Preoperative RE LE RE LE
Sphere (DS) —8.03 £ 2.26 —8.15 + 241 —9.15 £ 230 —8.72 + 243
(-12.5 ~ 3.5) (—12.75 ~ —4.5) (—14.0 ~ —4.0) (-13.5 ~-3.0)
Cylinder (DC) —0.32 + 041 —0.38 + 0.52 —1.98 + 0.81 —2.00 + 0.80
(=1.0 ~ 0.0) (-1.5 ~0.0) (-5.0 ~-1.0) (-5.0 ~ -0.75)
Preoperative BCVA (decimal VA) 0.97 £ 0.10 1.00 £ 0.08 0.95 £ 0.15 0.95 £ 0.17
0.7~ 1.2) 0.8~ 1.2) 0.8~ 1.2) (0.8 ~ 1.2)
Endothelial Cell Count (cells/mm?) | 2855.60 £ 265.55 | 2753.51 £ 226.48 | 2781.06 + 290.27 | 2750.69 £ 296.16
(2335.9 ~ 3282.6) (2133.6 ~ 3179) (2205 ~ 3416.2) (2016 ~ 3341.1)

Abbreviations: RE, Right Eye; LE, Left Eye; BCVA, best-corrected visual acuity; DS, diopters spherical; DC, diopters cylinder; VA, visual acuity.

Table 2 Pre- and Postoperative Anatomical and Lens Parameters After Control Between Fellow Eyes

Parameter | Preoperative Postoperative | Postoperative | Postoperative
I day I week I month
ICL SE (D) ACD (mm) | hSTS (mm) LT (mm) Vault (pm) Vault (pm) Vault (pm)
RE —10.36 + 2.50 326 +0.23 11.54 £ 043 3.67 £ 0.28 653.49 + 155.50 | 597.90 + 158.08 | 590.21 * 152.74
(—15.75 ~ —4.50) | (2.80 ~ 3.79) | (10.45 ~ 12.63) | (3.24 ~4.90) | (285 ~ 1180) (208 ~ 1110) (204 ~ 1140)
LE —10.24 + 2.58 326 +0.23 I1.55 +0.39 3.68 + 0.27 641.67 + 17451 | 594.09 + 168.84 | 574.85 * 160.26
(—15.75 ~-5.25) | (2.70 ~ 3.81) | (10.55~ 12.54) | (3.19 ~ 4.80) | (300 ~ 1220) (250 ~ 1190) (257 ~ 1090)
AE 0.77 £ 0.95 0.04 + 0.04 0.16 £ 0.14 0.06 + 0.12 86.53 + 61.44 72.88 + 52.88 74.59 + 55.59
(0.0 ~7.0) (0.00 ~ 0.16) | (0.00 ~ 0.64) (0.00 ~ 0.62) | (2~271) (0 ~ 269) (0 ~ 252)
P> 0.05 P >0.50 P >0.50 P > 0.05 P > 0.05 P> 0.50 P > 0.05
ICC 95% Cl | 0.89 0.97 0.87 0.88 0.79 0.85 0.83
(0.83 ~ 0.93) (0.95~0.98) | (0.81 ~0.92) (0.82 ~ 0.92) | (0.69 ~ 0.86) (0.77 ~ 0.90) (0.74 ~ 0.88)

Abbreviations: RE, Right Eye; LE, Left Eye; AE, Inter-eye Differences; ICL SE, implantable collamer lens spherical equivalent; ACD, anterior chamber depth; hSTS, horizontal
sulcus-to-sulcus; LT, lens thickness.

a positive correlation one month after surgery (r = 0.301, P = 0.006), but ACD, hSTS, and LT did not correlate with vault
AE one month after surgery (P > 0.05).

According to the ICL/TICL size, the patients were divided into four groups: 12.1 mm group (N = 15); 12.6 mm group
(N =47); 13.2 mm group (N = 18); and 13.7 mm group (N = 1). The mean values of vault AE in the 12.1 mm group,
12.6 mm group, and 13.2 mm group were 89.2 + 70.0 pm, 63.8 + 46.8 pm, and 85.58.8 um, respectively. The 95% CI of
vault AE of the three groups was —48 to 226.4 um, —27.9 to 155.5 um, and —29.8 to 200.8 um, respectively; however, the
vault AE of the three groups did not differ significantly (Kruskal-Wallis y* = 4.393, P = 0.222). Only one patient was in
the 13.7 mm group, with a vault AE of 166 um.

Right and left eyes had similar vaults at one day, week, or month after surgery (P > 0.05) (Table 2). As a result of
Pearson correlation analysis, there was a positive correlation between the left and right eye vaults at one month after
surgery (R = 0.83, P < 0.05); the right eye vault could be predicted by the left eye vault in 69% of patients.

Bland—Altman plots showed no correlation between vault AE and bilateral vault at one month after surgery (r = 0.005,
P =0.961) (Figure 2). The mean AE of the vault was 74.59 + 55.59 pum, and the 95% CI was —34.4 ~ 183.6 um one
month after surgery (Figure 3).

According to the vault of the first eye, the patients were divided into three groups: low vault group (<250 pm),
optimal vault group (250 ~ 750 pm), and high vault group (>750 pm).'® According to the vault of the first eye one month
after surgery, the patients were divided into the low vault (N = 1), optimal vault (N = 72), and high vault (N = 8) groups.
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Figure 2 Correlation between the average right eye and left eye vault and inter-eye vault differences.
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Figure 3 Histogram of the inter-eye absolute vault differences | month after ICL/TICL implantation.

The mean of vault AE of the right eye was 74.59 + 55.59 um. There was only one patient in the low vault group, with
a vault AE of 81 um. The mean of vault AE in the optimal vault group and high vault group was 74.21 £ 55.37 um and
77.25 £ 64.84 um, respectively, with 95% ClIs of —34.3 ~ 182.7 um and —49.8 ~ 204.3 um, respectively. There were no
significant differences between the two groups in vault AE (Kruskal-Wallis )(2 =0.107, P = 0.948) (Figure 4).
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Figure 4 Inter-eye vault differences for all cases, divided into three vault ranges. Box edges represent the limits of the 25% and 75% quartiles, and lines inside the boxes
represent the median.

In all patients, the difference of vault was <50 um in 42% and <100 pm in 70.4%. The difference in the vault in the
low vault group was <100 um. In the optimal vault group, the vault difference below 50 um accounted for 41.7%, and the
vault difference below 100 um accounted for 72.2%. In the high vault group, the vault difference below 50 um accounted
for 50%, and the vault difference below 100 um accounted for 50% (Table 3).

Multiple regression analyses of the relative factors of vault AE one month after surgery were used as independent
variables, and the mean of ICL SE, ACD, hSTS, LT, size, and bilateral vault were used as dependent variables. The
results showed that ICL SE influenced vault AE (partial regression coefficient B = 6.295, standard regression coefficient
B =0.279, P = 0.012, 95% CI: 1.446~11.144), and the other factors had no statistical significance (all P > 0.05). The
regression equation is represented as follows: vault AE (um) = 139.415 + 6.295 x SE; the fitting degree of the formula is
R = 0.279, R? = 0.078, correction R? = 0.066 (Figure 5).

Discussion

We retrospectively analyzed the data of 81 patients one month after ICL implantation to determine the expected range of
the difference and identify the factors affecting the difference. The vault was reported to be stable one month after ICL
implantation.'® Through correlation and regression analyses, we found that the vaults of eyes with similar anatomy were
similar. The result is similar to the study of Martinez-Plaza et al'® who reported that the vault obtained in the second
implanted eye was highly related to the vault observed in the first one during the whole follow-up. However, the mean

Table 3 Cumulative Percentage of Inter-Eye Vault Differences

Inter-Eye Vault Differences (um)
Cumulative Percentage +50 +100 150 +200 +250 >250
All (n = 8l) 42% 70.4% 88.9% 96.3% 98.8% 100%
Low vault (n = 1) 0% 100% 100% 100% 100% 100%
Intermediate vault (n = 72) 41.7% 72.2% 88.9% 95.8% 98.6% 100%
High vault (n = 8) 50% 50% 87.5% 100% 100% 100%
2456 https: International Journal of General Medicine 2023:16
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Figure 5 Association between average SE and inter-eye vault differences after implantable collamer lens implantation.

AE of the vault was 74.59 + 55.59 pum, and the 95% CI was —34.4 ~ 183.6 um one month after surgery. Schmidinger

et al'’

reported the mean and range of vault AE consistent with our study.

The current vault prediction formulas® ' rely solely on preoperative biometry and lens parameters, which may need to be
supplemented by additional factors. Currently, the prediction of the vault in the eyes is limited to 81%.%% 2% It is suggested that
some factors affect the vault. One of them may regard unilateral iridociliary cysts. According to a study, 36.1% of patients with
myopic ICL had cysts; approximately 80% were unilateral.>> Although the central vault did not differ between eyes with and
without cysts, the average vault in eyes with cysts was 100um higher than in eyes without. The resting position of ICL haptics
in the posterior chamber is another factor contributing to inter-eye differences. Due to a larger sulcus-to-sulcus distance,
haptics resting in the sulcus may present a lower compression. The degree of forward bulging of ICL varies due to different
compression forces that, in turn, will affect the vault. Choi et al’* and Elshafei et al* reported that 64.7% and 78.9% of their
lenses, respectively, rested on the ciliary sulcus; moreover, Kojima et al”*® reported that 35.3% rested on the ciliary body.
Therefore, even if the same ICL size is implanted in both eyes, there will be a difference in the vault.

The correlation between vault AE and the vault was r = 0.005 (P = 0.961), indicating that the vault of both eyes did not
affect the difference of vault between both eyes. However, according to the 95% CI of the three groups, the difference between
the vault of the two eyes increases with an increase in the vault of the two eyes. The results of Cerpa et al'” showed that the
mean vault AE of the low, optimal, and high vault groups were significantly different. Compared with the low- and optimal
vault groups, the high vault group had a larger vault AE. Their results showed the same trend as the results of this study in that
the vault was higher than the optimal range, and the difference between the two vaults was greater.

It did not appear that vault AE among ICL/TICL size groups in this study differed significantly, and the means and
ranges were similar among the four groups. The results of Cerpa et al'” were the same as those of the present study.
However, their results showed that the larger the size of the ICL implantation, the greater the difference in the vault.

Spearman correlation analysis showed that ICL SE positively correlated with the difference in the binocular vault one
month after surgery (P < 0.05). Multiple linear stepwise regression analysis revealed the following results: ICL SE was
an independent factor (P < 0.05), and ICL SE could cause a change of 6.3 um vault difference with every change of —1
D. This may be because, compared with the high-diopter ICL, the periphery of the low-diopter ICL is thinner, which
makes the ICL-iris diaphragm move forward more, and the vault changes significantly. Xiong et al*’ and Xu et al*®
demonstrated that the ICL SE is negatively correlated with the vault after ICL/TICL implantation. The smaller the ICL
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SE, the higher the vault after ICL/TICL implantation. It is inferred that the less myopic, the higher the binocular vault
and the greater the difference thereof.

The AS-OCT was performed to measure the vault under dark ambient illumination (0.5 lux) in the study. The changes
in pupil diameter under different light conditions after the implantation of an ICL are related to the postoperative
vault.?>*° All patients were measured in the same illumination to avoid errors from different light conditions.

This study had some limitations. First, there was only one case in the low vault group without statistical analysis. Second,
there was only one case in the 13.7 mm size group without statistical analysis. Third, the vault was measured only once per eye
per follow-up rather than the average of the three measures. Small differences in the AS-OCT scan location likely affected the
accuracy of the vault measurement. However, the examinations were performed by the same physician. Fourth, the maximum
follow-up was 1 postoperative month. There is a lack of long-term follow-up, and the long-term effect needs further study.
Finally, this study involved a limited number of patients, and the results may have been biased.

Conclusion

This study showed that in eyes with similar anatomic structures in the anterior segment, there is a 95% probability that
the vault will vary from —34.4 um to —183.6 um at 1 month postoperatively when a similar ICL is implanted. These
results can help surgeons select an appropriate ICL size to achieve an ideal vault. The smaller the SE, the larger the
difference between the two vaults, which provides a reference for selecting the ICL size in moderate myopia.

Abbreviations

ACD, Anterior chamber depth; BDVA, Best-corrected distance visual acuity; BCVA, Best-corrected visual acuity; CI,
Confidence interval; ICC, Intraclass correlation coefficient; ICL, Implantable Collamer Lens; LT, Lens thickness; OCT,
Optical coherence tomography; SD, Standard deviation; SE, Spherical equivalent; UDVA, Uncorrected distance visual
acuity; WTW, White-to-white.
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