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Background: Appropriate vault height of implantable collamer lens (ICL) implantation matters for it has risks of corneal endothelial cell loss, cataract formation and intraocular pressure elevation, which could lead to irreversible damage to optic nerve. Therefore, pre-operative prediction for an ideal vault height is a hotspot. However, few data exist regarding quantitative effect of ICL orientation on vault height. This study is aimed to quantitatively investigate the effect of ICL implantation orientation on vault height, and built a machine-learning (ML)-based vault prediction model taking implantation orientation into account.

Methods: 473 consecutive case series treated with ICL implantation were retrospectively analyzed (408 were horizontally implanted, and 65 were vertically implanted). Multivariable logistic regression analysis was performed to determine the association between ICL orientation and achieved vault. ML was performed to develop a new vault height prediction model taking ICL orientation into account. Receiver operating characteristic curve (ROC) and net reclassification index (NRI) were obtained to assess the prediction ability.

Results: 95% of all the patients achieved 20/20 uncorrected distance visual acuity (UDVA) or better. No complications including cataract formation, dispersion or optic nerve injury were observed in any cases. Sex, sphere power, cylinder power, axis, ICL size and ICL orientation were all significant risk factors associated to vault height, and age was positively co-related. Of note, ICL size and ICL orientation were the top-ranking risk factors. Comparing to conventional horizontal implantation, vertical implantation could reduce the achieved vault by 81.187 μm (p < 0.001). In regarding to different ICL sizes, vertical implantation had no good to vault reduction when using ICL of 12.1 mm. However, it could reduce the vault by 59.351 μm and 160.992 μm respectively when ICL of 12.6mm and 13.2 mm were implanted (p = 0.0097 and p = 0.0124). For prediction of vault height, ML based model significantly outperformed traditional multivariable regression model.

Conclusion: We provide quantitative evidence that vertical implantation of ICL could effectively reduce the achieved vault height, especially when large size ICL was implanted, comparing to traditional horizontal implantation. ML is extremely applicable in development of vault prediction model.
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Introduction

The implantable collamer lens (ICL) has been widely recognized as a safe, predictable, and efficient strategy for refractive correction, especially with moderate-to-high refractive errors or corneal contraindications (1–4). Nevertheless, the main concerns focusing on the potential risk of cataract formation (2, 4–7), corneal endothelial cell loss (4, 6), pigment dispersion and related glaucoma (8), pupillary block glaucoma (9, 10), are all highly related to the ICL vault height (11–13). Therefore, an ideal post-operative vault height is critical for the safety of ICL implantation and an important assessment parameter during the follow-ups.

Previous studies have indicated that ICL size was the one of the most important parameters affecting post-operative vault height (12). The ICL is designed to be fixed in the ciliary sulcus, which could provide stability and appropriate compression force to achieve proper vault height. When the difference between the ciliary sulcus size and ICL size was too big, the relatively oversized ICL led to excessive vault. On the contrary, an undersized ICL could lead to insufficient vault. However, there are only four sizes of ICL for selection: 12.1, 12.6, 13.2 and 13.7 mm. Obviously, the discontinuity of ICL sizes for selection means that complete customization cannot be achieved clinically, because the anterior segment parameters of patients continuously distributed, which is consistent with the clinical observation, that unacceptable post-operative vault was obtained in some cases. To date, ICL exchange has been a routine method to address oversized ICL or related high vaults. In 2018, a case report first claimed that rotating the implanted ICL from horizontal to vertical orientation effectively declined the achieved vault, providing a new, much less invasive and more economical choice (14). A recent retrospective case series also proved that apart from ICL size, the implantation orientation also resulted in different vault outcomes (15). These studies inspired us to explore further detailed questions: How much could this simple change on implantation angle affect the achieved vault height? Does it contribute to a more satisfactory vault height (250~750 μm) (16, 17)?

Therefore, the aim of this study is to quantify the vault height difference between the two strategies for ICL implanting angle. Moreover, a new Machine-learning (ML) -based prediction model for vault height is developed referring to the implantation orientation.



Materials and methods

Patients who underwent ICL-V4C implantation at Shanghai Ninth People's Hospital in Shanghai, China between January 2019 and August 2020 were enrolled in this continuous retrospective series, and the follow-up was 12 months. All surgeries were conducted by one surgeon.

This study adhered to the tenets of the Declaration of Helsinki, and ethical approval was obtained from/ and is approved by the Ethics Committee of Shanghai Ninth People's Hospital (SH9H-2021-T278-1).

Inclusion criteria are as follows: age older than 18 years; myopia ≤ −18.0D, astigmatism ≤ 6.0D, stable for at least 1year (defined as progression in refraction of no more than −0.5D per year); corrected distance visual acuity (CDVA) ≥ 20/40; anterior chamber depth (ACD) > 2.8 mm; and central corneal endothelial cell count ≥ 2000 cells/mm2.

Exclusion criteria are: history of eye surgeries; trauma; other ophthalmic diseases including cataract, glaucoma, uveitis, retinal detachment, retinal pigment degeneration, corneal dystrophy and corneal endothelial dysfunction etc.; uncontrolled systemic diseases like systemic lupus erythematosus, multiple sclerosis, rheumatoid arthritis, and severe diabetes mellitus; or other reasons that could affect following measurement such as abnormal mental behavior and so on.


Preoperative evaluation

A comprehensive ophthalmic examination was conducted before ICL implantation, including uncorrected distance visual acuity (UDVA), auto refraction, manifest refraction, anterior segmental examination and fundus examination using slit lamp microscope, and intraocular pressure (IOP) measured by noncontact tonometer (CT-80; Topcon, Tokyo, Japan). The ACD was measured using IOL Master 500® (Carl Zeiss, JeTna, Germany). The endothelial cell density (ECD) was measured by non-contact specular microscope (SP-2000P; Topcon, Tokyo, Japan). Horizontal white-to-white distance (WTW) and central corneal thickness (CCT) were measured with Pentacam HR (OCULUS, Wetzlar, Germany).

The ICL power calculation was performed according to the manufacturer's instructions using all related parameters, and the surgical goal in all eyes is to achieve emmetropia. For ICL sizing, the recommended STAAR nomogram was used based on WTW and ACD parameters. The lens model used in this study was non-toric ICL V4c. Conventional horizontal angle was adopted for the first eye. For the second eye, the ICL implantation angle was decided according to the achieved vault of the first operated eye. To be specific, when the achieved vault height of the first eye was relatively excessive but still within the satisfactory vault height range (250 to 750 μm, we chose vertical implantation for the second eye of the same patient.



Surgical procedure

Compound topicamide eye drops were applied every 10 min to fully dilate the pupils before surgery. After topical anesthesia with Oxybuprocaine Hydrochloride Eye Drops, a clear 3.2 mm corneal incision was made, and sodium hyaluronate was injected into the anterior chamber. The ICL lens was implanted in the posterior chamber and aligned horizontally or vertically, with a special injection device provided by the manufacturer. The sodium hyaluronate was removed completely by irrigation/aspiration process. Pupils were constricted immediately by administration of pilocarpine eye drops after surgery. To bradex eye drops containing 0.3% wt/vol tobramycin and 0.1% wt/vol dexamethasone were used 3 times daily for 1 week, and then tapered off over the next 2 weeks. Additional single glaucoma medication was topically applied according to the judgement of clinicians.



Follow-ups

Follow-up assessments were performed 1 day, 1 week, 1, 3, 6 and 12 months after the surgery. CDVA, UDVA, and IOP were recorded with the aforementioned methods. The vault height was measured using Pentacam HR.



Prediction model of the vault height

The achieved vault heights were artificially divided into two groups: optimal vault heights (250 μm~750 μm) and sub-optimal vault heights (<250 μm or more than 750 μm). There are two cohorts in our study: (1) training cohort including patients who underwent surgery from January 2019 to December 2019, and (2) validation cohort including patients who underwent surgery from January 2020 to August 2020. The quantity ratio between the training set and the validation cohort was 85:15. In the training cohort, we firstly constructed the multivariable logistic regression model with 10-fold cross-validation. Meanwhile, the random forest (RF) algorithm, which is an important ML algorithm that adopts a bootstrapping resampling technique and selects feature sets via random sampling and random selection, was also employed in this study.

The classification performance of the above models was evaluated in the validation cohort. Firstly, the confusion matrix analysis of the two prediction models were conducted. To further assess the performance of these two models, the receiver operating characteristic curve (ROC) analysis was conducted to calculate the area under the ROC curve (AUC). Moreover, NRI was also used to evaluate the classification efficacy of the two prediction models.



Statistical analysis

All results were expressed as mean ± standard deviation for continuous parametric data, and percentages for categorical data. A stepwise multivariable logistic regression analysis was used to investigate the meaningful variants relevant to the vault height, and the difference of the vault height between two implantation orientations were calculated according to the coefficients. Statistical analysis in this study were performed in R (version 4.1.1; R Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org). A value of P < 0.05 was considered significant.




Results


Baseline characteristics

A total of 473 consecutive eyes were retrospectively enrolled in this study; the baseline characteristics are provided in Table 1. Of them, 408 eyes (86.26%) underwent horizontal ICL implantation, and 65 eyes (13.74%) underwent vertical ICL implantation. The mean age of the patients was 28.41 ± 6.22 years, and 72.73% (344/473) of the patients were male. The mean preoperative sphere and cylinder power were −8.64 ± 2.86 diopters and −1.27 ± 1.14 diopters, respectively. The number of eyes implanted with different ICL sizes was 78 for 12.1 mm, 302 for 12.6 mm, 85 for 13.2 mm and 3 for 13.7 mm, as shown in Table 1. We also listed the clinical characteristics grouped according to different sizes of the implanted ICL. Other biometrics including WTW, CCT and ECD were also shown in Table 1.


TABLE 1 Preoperative clinical characteristics, ICL orientation and vault height of patients undergoing ICL implantation.
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Outcome and complications

ICL lenses were implanted at one time, and no lens replacement or second operation occurred in any of the eyes. Transient IOP elevation was observed in four patients, which returned to normal at the next follow-up visit after topical application of single glaucoma medication. There was no sign of cataract formation, pigment dispersion, or other ICL-related complications especially optic nerve injury in any of the eyes during the follow-ups.

At the end of the follow-up, 95% of all the patients achieved 20/20 UDVA or better, which is significantly improved comparing to the preoperative UDVA. 85% of all the patients had a post-operative manifest refraction of no more than ± 0.5 diopters.

The mean post-operative vault height at the last follow-up was 362.52 ± 135.04 μm shown in Table 1. For different ICL sizes, the mean achieved vault height was also listed.



Multivariable logistic regression analysis of parameters relating to vault height

With the use of pre-operative parameters as independent variables, a stepwise multivariable logistic regression analysis was performed to determine meaningful factors affecting the achieved vault height.

As shown in Table 2, sex, sphere power, cylinder power, axis, ICL size and ICL implantation orientation were all independent risk factors for vault height (p < 0.01). Age acted as a protective factor against excessive vault height (p = 0.01727).


TABLE 2 Coefficient measures of each of the parameters and the achieved vault height.
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We also ranked the importance of these risk factors according to the coefficient of determinations for the achieved vault height (shown in Figure 1). Results showed that ICL size and orientation of ICL implantation were two most important risk factors associated with vault height, and age, sex, and sphere power were also closely related to it.


[image: Figure 1]
FIGURE 1
 Rank of risk factors relating to vault heigh.


For ICL sizes of 12.1 mm, implantation orientation ranked only second to the ICL size. Notably, for ICL size of 12.6 and 13.2 mm, implantation orientation mattered the most (shown in Supplementary Figure 1).



Comparison of general clinical characteristics between the vertical and horizontal implantation groups

We compared the clinical characteristics between the two different implantation orientations (horizontal or vertical). No statistical difference was found in age, sex, WTW, ACD, ECD, CDVA, and IOP between the vertical-implantation group and horizontal-implantation group. Specifically, for patients implanted with ICL size of 12.1 mm, 12.6 mm and 13.2 mm, the above-mentioned parameters also showed no significant difference (p > 0.05).



Contribution of ICL orientation to the achieved vault height

Previous studies proved that when larger-sized ICL was used, vertical implantation could efficiently reduce the vault height compared to horizontal implantation (15). In this study, we further quantitatively explored to what extent the ICL implantation orientation could affect the vault height. As shown in Table 2, a mean decrease of 81.18744 μm is achieved by implantation with a vertical orientation compared to horizontal orientation when other parameters were adjusted (p < 0.001). We also conducted subgroup regression analysis for different ICL sizes, and obtained the following results: (1) for ICL size of 12.1 mm, the implantation orientation is not an independent risk factor for increase of vault height (N = 78, p = 0.5665); (2) for ICL size of 12.6 mm, the implantation orientation is an independent risk factor for excessive vault height (N = 302, p = 0.0097); and after adjusting for other risk factors, vertical placement achieved a mean vault decrease of 59.351 μm comparing to horizontal placement; (3) for ICL size of 13.2 mm, the implantation orientation also acts as an independent risk factor for excessive vault height (N = 85, p = 0.00124 and a mean vault decrease of 160.99214 μm of vault height is obtained when ICL is implanted vertically; (4) for ICL sizing of 13.7 mm, the subgroup analysis was not completed due to the small sample size (N = 8).



Prediction model for vault height

We next established prediction models for vault height with multivariable regression analysis and machine-learning respectively, based on the meaningful biometric data in the training-set. Then the predictability of the two models were examined based on the data in the validation cohort. In the validation cohort with a sample size of 60, 57 is defined as positive, which means the post-operative vault height lies in the range of ideal vault (250 to 750 μm); and 3 is defined as negative, with a low or high vault height. No information rate (NIR) is 0.95 for this data set. The performance of the two models for post-operative vault height prediction was assessed statistically (Table 3).


TABLE 3 Basic comparison between two prediction models.
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ROC curve regression analysis was performed to directly compare the discrimination ability of the two models (shown in Figure 2A). Results showed that the model based on machine-learning had a greater AUC (AUC = 100%) than the regression model (AUC = 65.5%).
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FIGURE 2
 Comparison of two prediction models. (A) ROC curve comparison of two prediction models. AUC for logistic regression model (model 1, black) was 65.5% (15.3~100.0%), and AUC for random forest model (model 2, red) was 100.0% (100.0~100.0%). (B) Classification capacity of two prediction models. NRI = 0.67 (0.1). Positive cases (with an optimal vault height) were represented with black circles, and negative cases (with a sub-optimal vault height) were represented with red circles.


To further compare the classification efficacy of these two models, NRI was calculated, and results showed that NRI = 0.67 (0.1), indicating the priority of the machine-learning-based model comparing to traditional regression model (shown in Figure 2B).




Discussion

This study conducted a quantitative analysis for the first time on the influence of ICL implantation orientation on the post-operative vault height. Moreover, a ML-based vault height prediction model has also been developed, taking the implantation orientation into account, and exhibited a satisfactory performance.

Clinically, the online formula used for ICL sizing could not always achieve a satisfactory vault height, and many newly developed prediction models are not applicable in most clinics. Previous studies have proved that vertical ICL implantation in the ciliary sulcus could provide more space for the implanted lens comparing to horizontal implantation, thus resulting in lower vault height (14, 15). On this basis, our study further identified that the difference of vault height between the two implantation angles was 81.187 μm. We also conducted subgroup regression analysis for different ICL sizes, and results showed that vertical implantation could reduce the vault height by 59.351 μm and 160.992 μm respectively when ICL of 12.6 mm and 13.2 mm were implanted. It is meaningful for guiding clinical practice, especially in second surgery for patients with inappropriate vault height, and surgeons could roughly estimate the achieved vault height obtained by fine-tuning the implantation orientation. Moreover, a ML-based vault height prediction model has also been developed, taking the implantation orientation into account, and exhibited a satisfactory performance.

With the development of surgical procedures and accumulation of clinical experience, ICL implantation has been widely recognized as a safe and efficient strategy for refractive correction (1). Therefore, number of studies on visual quality gradually decreased, while prevention of complications has drawn increasing attention. The major post-operative complications include cataract formation, angle-closure related glaucoma, pigment diffusion of iris, and corneal endothelial dysfunction, which are all associated with inappropriate vault height (11). Therefore, one hotspot for discussion is about the acceptable or ideal vault height, which has been studied from various perspectives.

Early researchers roughly measured the vault height semi-quantitatively by comparing with CCT through slit lamp examination, and an initial consensus is that a vault value close to the CCT is acceptable, which is also the targeting vault of the STAAR nomogram when recommending ICL sizes (18). Later studies further suggested an ideal vault range of 30% to 100% of the CCT (12). This measurement approach, i.e., comparison with CCT, is based on the fact that the average CCT is generally 500 μm. However, CCTs in general population are Gaussian distributed, and previous standards are obviously not applicable for those with too thin or too thick corneas. With development of vault measurement methods such as ultrasound biomicroscopy (UBM) and optical coherence tomography for anterior segment (AS-OCT) (16, 19–22), researchers began to evaluate the vault with objective absolute value, and usually an ideal vault was determined as 250–750 μm (16, 17). Previous study (23) also indicated that there was strong congruence for vault value among different evaluation approaches. In this study, we assessed the absolute value post-operative vault height with Pentacam HR (Table 1). Our result suggested that CCT was not a risk factor in the prediction of vault height (Table 2).

Previous study proved that the post-operative vault value gradually decreased with the prolongation of follow-up time (24). Generally, the vault value gradually decreased in the first 3 to 6 months after surgery, and stabilized at the 6 to 12 months, which is the reason why many studies chose 6 or 12 months as the follow-up time. In our study, the cases were followed for 12 months.

Nowadays, different ML algorithms and the introduction of various parameters have been widely applied in the refined diagnosis of ophthalmic diseases (25–31) and prediction of efficacy of therapeutic regimens (32, 33).

In relation to ICL sizing calculation or vault height prediction, clinicians usually adopt the STAAR nomogram based on the WTW formula measured by Pentacam HR, which is recommended by the manufactures. Recently, new formulas were developed by different research teams, such as the KS (19) and NK models (16, 34). New parameters besides WTW and ACD were also introduced including sulcus-to-sulcus diameter (STS), crystalline lens rise (CLR), angle-to-angle (ATA), distance between STS plane and anterior crystalline lens surface (STSL) etc. (22, 35–39). Theoretically, the introduction of more parameters contributes to the delicate description of the anterior segment. However, large-scale clinical trials are needed to verify the efficacy and priority of these formulas before application in usual clinical practice. Basically, there are two limitations in the development of these clinical studies: the accessibility of examination instruments and the improvement space for clinicians.

Traditional parameters like ACD and WTW, can be measured by IOL Master and Pentacam HR, which are allocated in many ophthalmic clinics. However, new parameters like STS, CLR, ATA, STSL can only be obtained with high-resolution UBM or AS-OCT, which are expensive and are not accessible in most centers. What's more, a comparative study showed that data collected by Pentacam HR, AS-OCT and UBM could not replace each other due to different measuring principles (21), especially when applied in vault prediction (40). In addition, there is also controversy regarding the superiority of STS over WTW in ICL sizing and vault prediction (41). Moreover, the application of UBM is also restricted as a contact examination, especially during current period with high incidence of infectious disease. These findings signified the application value of our study.

In this study, the pre-operative parameters are covariates and cannot be changed. For the operators, this means that the potential manipulation space for further post-operative improvement is very limited. Our study provides an additional choice to improve the postoperative results, and helps clinicians to quantitatively estimate the change of the vault height obtained by changing the implantation orientation of ICL. Results demonstrated that a significant vault height decrease of 59.351 μm and 160.992 μm were achieved respectively, when implanted with ICL sizes of 12.6 mm and 13.2 mm vertically. However, no significant difference in the vault height was observed when implanted with ICL of 12.1 mm between the two implantation angles. Probable explanation is that if the ICL size is small, the horizontal sulcus imposes a relatively small compression force on the ICL lens; as a result, larger distance achieved by rotation has little influence on the ICL morphology and dynamics, as well as the achieved vault height.

Two approaches for vault height prediction were applied in this study: multivariable logistic regression analysis and ML, and the prediction ability of the two models were assessed by comparing ROC and NRI. Results showed that in most cases, ICL implantation achieved an ideal vault height. Moreover, the ML-based prediction model showed significant priority in minimizing the incidence of sub-optimal vaults.

There are some limitations for our study. Firstly, the 473 cases derived from 473 eyes of 238 patients after eliminating the missing data. We believe further studies should be conducted on single eye of each patient to minimize bias. Another limitation is that our study is a retrospective study, and the result can only suggest that ICL implantation angle correlates with the post-operative vault height. Further evidence of causal relationship should be provided by interfering the ICL placement in large-scale RCT researches.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Shanghai Ninth People's Hospital (SH9H-2021-T278-1). The patients/participants provided their written informed consent to participate in this study.



Author contributions

WZ: writing – original draft, methodology, and project administration. FL: software, data analysis, and project administration. LL: writing – review and editing, data analysis, and supervision. JZ: conceptualization, resources, writing – review and editing, and supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Fundamental research program funding of Ninth People's Hospital affiliated to Shanghai Jiao Tong university School of Medicine (grant no. JYZZ163), the Cross-disciplinary Research Fund of Shanghai Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine (grant no. JYJC201907), and the Science and Technology Commission of Shanghai (grant no. 20DZ2270800).



Acknowledgments

The authors would like to thank Medoo Tech Company for their professional services on data capturing, processing and management related to this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1136579/full#supplementary-material



Abbreviations

ICL, implantable collamer lens; ML, machine-learning; CDVA, corrected distance visual acuity; ACD, anterior chamber depth; UDVA, uncorrected distance visual acuity; IOP, intraocular pressure; ECD, endothelial cell density; WTW, white-to-white distance; CCT, central corneal thickness; ROC, receiver operating characteristic curve; NRI, net reclassification index; RF, random forest; AUC, area under the ROC curve.



References

 1. Choi JH, Lim DH, Nam SW, Yang CM, Chung ES, Chung T-Y. Ten-year clinical outcomes after implantation of a posterior chamber phakic intraocular lens for myopia. J Cataract Refract Surg. (2019) 45:1555–61. doi: 10.1016/j.jcrs.2019.06.015

 2. Nakamura T, Isogai N, Kojima T, Yoshida Y, Sugiyama Y. Posterior chamber phakic intraocular lens implantation for the correction of myopia and myopic astigmatism: a retrospective 10-year follow-up study. Am J Ophthalmol. (2019) 206:24. doi: 10.1016/j.ajo.2019.04.024

 3. Montés-Micó R, Ruiz-Mesa R, Rodríguez-Prats JL, Tañá-Rivero P. Posterior-chamber phakic implantable collamer lenses with a central port: a review. Acta ophthalmologica. (2021) 99:e288–301. doi: 10.1111/aos.14599

 4. Fernández-Vega-Cueto L, Alfonso-Bartolozzi B, Lisa C, Madrid-Costa D, Alfonso JF. Seven-year follow-up of posterior chamber phakic intraocular lens with central port design. Eye Vis. (2021) 8:23. doi: 10.1186/s40662-021-00247-1

 5. Gasser L, Biermann J, Reinhard T. New posterior chamber phakic intraocular lens for high myopia: three-year results. J Cataract Refract Surg. (2015) 41:1610–5. doi: 10.1016/j.jcrs.2014.11.052

 6. Lee J, Kim Y, Park S, Bae J, Lee S, Park Y, et al. Long-term clinical results of posterior chamber phakic intraocular lens implantation to correct myopia. Clin Experiment Ophthalmol. (2016) 44:481–7. doi: 10.1111/ceo.12691

 7. Kamiya K, Shimizu K, Igarashi A, Kitazawa Y, Kojima T, Nakamura T, et al. Posterior chamber phakic intraocular lens implantation: comparative, multicentre study in 351 eyes with low-to-moderate or high myopia. Br J Ophthalmol. (2018) 102:177–81. doi: 10.1136/bjophthalmol-2017-310164

 8. Wei W, Yu X, Yang L, Xiong C, Zhang X. Diode laser transscleral cyclophotocoagulation causes intraocular collamer lens displacement in pseudophakic eye: a case report. BMC Ophthalmol. (2021) 21:268. doi: 10.1186/s12886-021-02026-x

 9. Guber I, Mouvet V, Bergin C, Perritaz S, Othenin-Girard P, Majo F. Clinical outcomes and cataract formation rates in eyes 10 years after posterior phakic lens implantation for myopia. JAMA Ophthalmol. (2016) 134:487–94. doi: 10.1001/jamaophthalmol.2016.0078

 10. Mimouni M, Alió Del Barrio JL, Alió JL. Occlusion of aquaport flow in a case of toxic anterior segment syndrome following implantable collamer lens surgery causing severe pupillary block. J Refract Surg. (2020) 36:856–9. doi: 10.3928/1081597X-20201015-01

 11. Gonvers M, Bornet C, Othenin-Girard P. Implantable contact lens for moderate to high myopia: relationship of vaulting to cataract formation. J Cataract Refract Surg. (2003) 29:918–24. doi: 10.1016/S0886-3350(03)00065-8

 12. Chun YS, Park IK, Lee HI, Lee JH, Kim JC. Iris and trabecular meshwork pigment changes after posterior chamber phakic intraocular lens implantation. J Cataract Refract Surg. (2006) 32:1452–8. doi: 10.1016/j.jcrs.2006.04.023

 13. Fernandes P, González-Méijome JM, Madrid-Costa D, Ferrer-Blasco T, Jorge J, Montés-Micó R. Implantable collamer posterior chamber intraocular lenses: a review of potential complications. J Refract Surg. (2011) 27:765–76. doi: 10.3928/1081597X-20110617-01

 14. Matarazzo F, Day AC, Fernandez-Vega Cueto L, Maurino V. Vertical implantable collamer lens (ICL) rotation for the management of high vault due to lens oversizing. Int Ophthalmol. (2018) 38:2689–92. doi: 10.1007/s10792-017-0757-2

 15. Kim BK, Chung YT. Clinical results of Visian implantable collamer lens implantation according to various sizes and implantation angles. Eur J Ophthalmol. (2021) 34:2041–52. doi: 10.1177/11206721211033468

 16. Nakamura T, Isogai N, Kojima T, Yoshida Y, Sugiyama Y. Implantable collamer lens sizing method based on swept-source anterior segment optical coherence tomography. Am J Ophthalmol. (2018) 187:15. doi: 10.1016/j.ajo.2017.12.015

 17. Srinivasan B, Leung HY, Cao H, Liu S, Chen L, Fan AH. Modern phacoemulsification and intraocular lens implantation (refractive lens exchange) is safe and effective in treating high myopia. Asia Pac J Ophthalmol. (2016) 5:438–44. doi: 10.1097/APO.0000000000000241

 18. Ando W, Kamiya K, Hayakawa H, Takahashi M, Shoji N. Comparison of phakic intraocular lens vault using conventional nomogram and prediction formulas. J Clin Med. (2020) 9:4090. doi: 10.3390/jcm9124090

 19. Igarashi A, Shimizu K, Kato S, Kamiya K. Predictability of the vault after posterior chamber phakic intraocular lens implantation using anterior segment optical coherence tomography. J Cataract Refract Surg. (2019) 45:1099–104. doi: 10.1016/j.jcrs.2019.02.020

 20. Gonzalez-Lopez F, Bilbao-Calabuig R, Mompean B, Luezas J, Ortega-Usobiaga J, Druchkiv V. Determining the potential role of crystalline lens rise in vaulting in posterior chamber phakic collamer lens surgery for correction of myopia. J Refract Surg. (2019) 35:177–83. doi: 10.3928/1081597X-20190204-01

 21. Wan T, Yin H, Yang Y, Wu F, Wu Z, Yang Y. Comparative study of anterior segment measurements using 3 different instruments in myopic patients after ICL implantation. BMC Ophthalmol. (2019) 19:182. doi: 10.1186/s12886-019-1194-y

 22. Gonzalez-Lopez F, Bouza-Miguens C, Tejerina V, Mompean B, Ortega-Usobiaga J, Bilbao-Calabuig R. Long-term assessment of crystalline lens transparency in eyes implanted with a central-hole phakic collamer lens developing low postoperative vault. J Cataract Refract Surg. (2021) 47:204–10. doi: 10.1097/j.jcrs.0000000000000425

 23. Alfonso JF, Lisa C, Palacios A, Fernandes P, González-Méijome JM, Montés-Micó R. Objective vs subjective vault measurement after myopic implantable collamer lens implantation. Am J Ophthalmol. (2009) 147:6. doi: 10.1016/j.ajo.2009.01.006

 24. Schmidinger G, Lackner B, Pieh S, Skorpik C. Long-term changes in posterior chamber phakic intraocular collamer lens vaulting in myopic patients. Ophthalmology. (2010) 117:1506–11. doi: 10.1016/j.ophtha.2009.12.013

 25. Song X, Li L, Han F, Liao S, Xiao C. Noninvasive machine learning screening model for dacryocystitis based on ocular surface indicators. J Craniofac Surg. (2022) 33:e23–8. doi: 10.1097/SCS.0000000000007863

 26. Zhu X, Song X, Min X, Zhou H, Sun W, Wang J, et al. Calculation of ophthalmic diagnostic parameters on a single eye image based on deep neural network. Multimed Tools Appl. (2022) 81:2311–31. doi: 10.1007/s11042-021-11047-z 

 27. Song X, Wang Y, Li L, Pan H, Li Y, Chen H, et al. Predictors for surgeries with the endoscope-navigation system for traumatic optic neuropathy and its clinical assessment. J Craniofac Surg. (2021) 32:2479–83. doi: 10.1097/SCS.0000000000007749

 28. Song X, Liu Z, Li L, Gao Z, Fan X, Zhai G, et al. Artificial intelligence CT screening model for thyroid-associated ophthalmopathy and tests under clinical conditions. Int J Comput Assist Radiol Surg. (2021) 16:323–30. doi: 10.1007/s11548-020-02281-1

 29. Lin C, Song X, Li L, Li Y, Jiang M, Sun R, et al. Detection of active and inactive phases of thyroid-associated ophthalmopathy using deep convolutional neural network. BMC Ophthalmol. (2021) 21:39. doi: 10.1186/s12886-020-01783-5

 30. Zhai G, Yin Z, Li L, Song X, Zhou Y. Automatic orbital computed tomography coordinating method and quantitative error evaluation based on signed distance field. Acta Radiol. (2021) 62:87–92. doi: 10.1177/0284185120914029

 31. Li L, Song X, Guo Y, Liu Y, Sun R, Zou H, et al. Deep convolutional neural networks for automatic detection of orbital blowout fractures. J Craniofac Surg. (2020) 31:400–3. doi: 10.1097/SCS.0000000000006069

 32. Liu N, Liang G, Li L, Zhou H, Zhang L, Song X. An eyelid parameters auto-measuring method based on 3D scanning. Displays. (2021) 69:102063. doi: 10.1016/j.displa.2021.102063 

 33. Song X, Tong W, Lei C, Huang J, Fan X, Zhai G, et al. A clinical decision model based on machine learning for ptosis. BMC Ophthalmol. (2021) 21:169. doi: 10.1186/s12886-021-01923-5

 34. Nakamura T, Isogai N, Kojima T, Yoshida Y, Sugiyama Y. Optimization of implantable collamer lens sizing based on swept-source anterior segment optical coherence tomography. J Cataract Refract Surg. (2020) 46:742–8. doi: 10.1097/j.jcrs.0000000000000134

 35. Kojima T, Yokoyama S, Ito M, Horai R, Hara S, Nakamura T, et al. Optimization of an implantable collamer lens sizing method using high-frequency ultrasound biomicroscopy. Am J Ophthalmol. (2012) 153:31. doi: 10.1016/j.ajo.2011.06.031

 36. Guber I, Bergin C, Perritaz S, Majo F. Correcting interdevice bias of horizontal white-to-white and sulcus-to-sulcus measures used for implantable collamer lens sizing. Am J Ophthalmol. (2016) 161:37. doi: 10.1016/j.ajo.2015.09.037

 37. Bruner C, Skanchy DF, Wooten JP, Chuang AZ, Kim G. Anterior chamber lens sizing: comparison of white-to-white and scleral spur-to-scleral spur methods. J Cataract Refract Surg. (2020) 46:43.

 38. Trancón AS, Manito SC, Sierra OT, Baptista AM, Serra PM. Determining vault size in implantable collamer lenses: preoperative anatomy and lens parameters. J Cataract Refract Surg. (2020) 46:728–36. doi: 10.1097/j.jcrs.0000000000000146

 39. Cerpa Manito S, Sánchez Trancón A, Torrado Sierra O, Baptista AM, Serra PM. Biometric and ICL-related risk factors associated to sub-optimal vaults in eyes implanted with implantable collamer lenses. Eye Vis. (2021) 8:26. doi: 10.1186/s40662-021-00250-6

 40. Doors M, Cruysberg LPJ, Berendschot TTJM, de Brabander J, Verbakel F, Webers CAB, et al. Comparison of central corneal thickness and anterior chamber depth measurements using three imaging technologies in normal eyes and after phakic intraocular lens implantation. Graefes Arch Clin Exp Ophthalmol. (2009) 247:1139–46. doi: 10.1007/s00417-009-1086-6

 41. Zheng Q-Y, Xu W, Liang G-L, Wu J, Shi J-T. Preoperative biometric parameters predict the vault after icl implantation: a retrospective clinical study. Ophthalmic Res. (2016) 56:215–21. doi: 10.1159/000446185





OPS/images/fneur-14-1136579-t003.jpg
ogistic regression lom forest
Accuracy 0.967 1.000
95% CI (0.885,0.996) (0.940, 1.000)
Sensitivity 0.333 1.000
Specificity 1.000 1.000
PPV 1.000 1.000
NPV 0.966 1.000

PPV, positive prediction value; NPV, negative prediction value.





OPS/images/fneur-14-1136579-t001.jpg
ICL size = ICL size = ICL size = ICL size =

12.1mm 12.6 mm 13.2mm 13.7mm

(N=178) (N = 302) (N = 85) (N=38)
Age (years) 29.46 £ 6.14 28.58 % 6.39 26.96 + 547 28.00  6.92 28.41+£622
Sex (male, %) 58/78 (74.36%) 225/302 (74.50%) 61/85 (71.76%) 0/8 (00.00%) 344/473 (72.73%)
Sphere (diopters) —9.49 +2.96 —8.46 +2.85 —8.50£2.73 —9.92+1.13 —8.64 £2.86
Cylinder (diopters) —1.08 £ 0.94 —128+1.14 —135+ 1.11 —0.41 £0.38 —127£1.14
Axis (degree) 99.64 % 76.96 91.77 £77.42 10335 £ 78.14 78.33 £ 70.05 947 £77.32
WTW (mm) 11124017 1162021 12.09 +0.22 12,63 £0.05 1164+ 0.36
ACD (m) 3.09 4021 3194022 3374018 344 £0.05 322£023
CCT (pm) 526.96 % 37.5 525.47 £32.11 530.68 &+ 37.32 517.66 £22.94 526.32 & 34.09
ECD (cell/mm?) 2705.94 + 413.93 2819.40 £ 370.77 2844.68 + 41244 2701.66 =+ 255.97 2804.87 + 386.07
ICL orientation (vertical, %) 4/78 (5.13%) 43/302 (14.24%) 13/85 (15.29%) 5/8 (62.50%) 65/473 (13.74%)

Vault height (wm)

309.15 + 74.48

350.95 %+ 121.93

455.32 £ 177.63

345.00 £31.22

362.52 £ 135.04

WTW, white-to-white distance; ACD, anterior chamber depth; CCT, central corneal thickness; ECD, endothelial corneal density.






OPS/images/fneur-14-1136579-t002.jpg
Age Sphere Sphere Sphere  Cylinder2 Cylinder3  Axis WTW ACD CCT ECD ICL ICLsize ICLsize ICLsize

(Years) 2 3 4 (diopters) (diopters) (degree) (mm) (um) (um) (cell/mm?) type = = =
(diopters) (diopters) (diopters) 12.6mm 132mm 13.7mm
Total
Estimate 45512 ~2.564 218394 189.069 200333 —12.586 54831 001 ~71461 36404 | 0053 —0023 —5.099 54053 198.715 189.739
std.
Error 14.882 1.072 67.968 65.511 65.718 19.528 31217 0.086 46.449 29.716 0.193 0.018 21.645 24.011 37.608 89.188
tvalue 3058 —2391 3213 2.886 3.048 —0645 1756 0122 —1539 | 1225 | 0274 —1269 —0236 2251 5284 2127
Pr(>t]) 0.002** 0.002* 0.001** 0.001"* 0.002* 0.52 0.08 0.903 0.125 0.221 0.784 0.205 0.814 0.020" 0.000%** 0.034*
ICL size =12.1 mm
Estimate 13762 -1.200 57.626 55505 —31.858 ~9.89 0299 1177 | -36081 0241 —0062 1554
Std.
Error 23121 1568 73.407 76112 30.157 51763 0127 82192 | 54571 | 0282 0027 31204
tvalue 1.893 —0.766 0.785 0.729 —1.056 —0.191 2.367 0.143 —0.661 | 0.855 —2.281 0.498
Pr(>t)) 0.065 0.448 0436 0.469 0.296 0.849 0.022% 0.887 0.512 0.397 0.027* 0.621
ICL size = 12.6 mm
Estimate 35063 -2776 162.627 130.798 155.061 ~747 44562 0032 o313 38216 | —0092 ~0.053 —5522
Std.
Error 17.318 1319 86796 84.609 84224 21935 35001 0099 5051 | 34509 | 0237 0022 23795
tvalue 2025 =2.104 1.874 1.546 1.841 —0.341 1273 0.326 —1.845 1.108 —0.387 —2.358 —0.232
Pr(>t]) 0.044* 0.044* 0.062 0.123 0.067 0.734 0.204 0.745 0.066 0.269 0.699 0.019 0.817
ICL size =13.2
Estimate 62.091 —9.668 24237 99.766 125.102 27.504 101.062 —0.257 - 126.28‘5 156766 0.86 0.066 18276
std.
Error 57.664 4.577 175.492 156.655 157.854 88.193 119.023 0.293 164972 125715 0.642 0.057 111.421
tvalue 1.077 =2112 0.138 0.637 0.793 0312 0.849 —0.877 —0.765 1.247 1.34 1.156 0.164
Pr(>t]) 0.286 0.039% 0.891 0.527 0.431 0.756 0.399 0.384 0.447 0.217 0.186 0.252 0.87

Myopia was graded as four levels according to sphere power: level 1 (>-300 diopters), level 2 (—300 to —600 diopters), level 3 (—600 to —1200 diopters) and level 4 (more than —1200 diopters). Astigmatism was graded as three levels according to cylinder power: level
1 (less than 100 diopters), level 2 (100 to 200 diopters), level 3 (more than 200 diopters). Sphere 2 = sphere diopters of level 2~ sphere diopters of level 1; Sphere 3 = sphere diopters of level 3- sphere diopters of level 2; Sphere 4 = sphere diopters of level 4- sphere
diopters of level 3. Cylinder 2 = cylinder diopters of level 2-cylinder diopters of level 1; Cylinder 3 = cylinder diopters of level 3-cylinder diopters of level 2. *P < 0.05, *P < 0.01, ***P < 0.001.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A quantitative study of the effect of ICL orientation selection on post-operative vault and model-assisted vault prediction



		Introduction



		Materials and methods



		Preoperative evaluation



		Surgical procedure



		Follow-ups



		Prediction model of the vault height



		Statistical analysis







		Results



		Baseline characteristics



		Outcome and complications



		Multivariable logistic regression analysis of parameters relating to vault height



		Comparison of general clinical characteristics between the vertical and horizontal implantation groups



		Contribution of ICL orientation to the achieved vault height



		Prediction model for vault height







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

A quantitative study of the effect
of ICL orientation selection on
post-operative vault and
model-assisted vault prediction





OPS/images/fneur-14-1136579-g001.gif





OPS/images/fneur-14-1136579-g002.gif
Senstivity (%)

0 m oo oo

Rasontent

6554 08 3510900
A 10004 1800%.1000%)










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





