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Introduction

The implantation of posterior chamber phakic

Purpose: The anterior chamber angle (ACA) is a critical factor in posterior chamber
phakic intraocular lens (EVO Implantable Collamer Lens [ICL]) implantation. Herein, we
predicted postoperative ACAs to select the optimal ICL size to reduce narrow ACA-
related complications.

Methods: Regression models were constructed using pre-operative anterior segment
optical coherence tomography metrics to predict postoperative ACAs, including
trabecular-iris angles (TIAs) and scleral-spur angles (SSAs) at 500 um and 750 um from
the scleral spur (TIA500, TIA750, SSA500, and SSA750). Data from three expert surgeons
were assigned to the development (N = 430 eyes) and internal validation (N = 108 eyes)
datasets. Additionally, data from a novice surgeon (N = 42 eyes) were used for external
validation.

Results: Postoperative ACAs were highly predictable using the machine-learning (ML)
technique (extreme gradient boosting regression [XGBoost]), with mean absolute errors
(MAEs) of 4.42 degrees, 3.77 degrees, 5.25 degrees, and 4.30 degrees for TIA500, TIA750,
SSA500, and SSA750, respectively, in internal validation. External validation also showed
MAEs of 3.93 degrees, 3.86 degrees, 5.02 degrees, and 4.74 degrees for TIA500, TIA750,
SSA500, and SSA750, respectively. Linear regression using the pre-operative anterior
chamber depth, anterior chamber width, crystalline lens rise, TIA, and ICL size also exhib-
ited good performance, with no significant difference compared with XGBoost in the
validation sets.

Conclusions: We developed linear regression and ML models to predict postopera-
tive ACAs for ICL surgery anterior segment metrics. These will prevent surgeons from
overlooking the risks associated with the narrowing of the ACA.

Translational Relevance: Using the proposed algorithms, surgeons can consider the
postoperative ACAs to increase surgical accuracy and safety.

effective,” angle closure and subsequent increase in
intraocular pressure (IOP) may occur due to postop-
erative anatomic changes in the anterior chamber.
In cases of severe complications, additional surgi-

intraocular lens (IOL; EVO Implantable Collamer
Lens [ICL]; STAAR Surgical, Lake Forest, CA,
USA) has been widely performed to correct refractive
errors.! Although the procedure is considered safe and
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cal procedures, such as ICL removal or exchange,
can be indicated. Reduction of the anterior chamber
angle (ACA) opening might be a critical condition—
affecting aqueous humor flows—because the IOL
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Preoperative anterior chamber
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Wide postoperative anterior chamber angle

Reduction of the ICL lens vault
— Possibility of crystalline lens opacity
(mainly associated with too low IOL vault)

Reduction of the angle opening distance
(Reduction of the trabecular-iris angle)
— Elevation of intraocular pressure
— Possibility of acute pupillary block
— Possibility of reduction of

corneal endothelial cell

ICL lens vault is not enough to predict
anterior chamber angle

Schematic diagram of postoperative anterior chamber angle (ACA) changes and related complications after phakic intraocular

lens implantation. Narrow ACAs including trabecular-iris angle (TIA) and scleral-spur angle (SSA) are associated with elevation of intraocular

pressure and the possibility of acute pupillary block.

is located in the posterior chamber, lifting the iris
into the anterior chamber.’ In addition, a narrow
ACA may affect the reduction of corneal endothe-
lial cells.* Previously, studies have reported that a
higher vault after implantation of ICL is associ-
ated with narrow ACA complications.> Because
the size of the IOL is an important component in
predicting postoperative ACA,° surgeons should
carefully select the size to avoid complications by
estimating the postoperative IOL vault in clinical
practice.

Most previous studies have focused on postop-
erative IOL vaults following ICL surgery, but few
have examined postoperative ACA changes.®’ A previ-
ous study reported that the pre-operative trabecular-
iris angle (TIA) was the most important factor
in predicting postoperative ACAs for ICL surgery.?
However, considering postoperative TIA quantitively
in clinics is limited because no study has developed
postoperative ACA prediction models using biomet-
ric measurements. Recently, Nishida et al. estab-
lished a postoperative TIA prediction model based
on the predicted postoperative anterior chamber
depth (ACD), pre-operative TIA, iris curvature, and
iris space area.” However, this prediction model
depended on the postoperative ACD prediction, which
is the same as predicting the IOL vault, and it
could not consider the effect of ICL size on the
ACA.

Although the current consensus is that the postop-
erative IOL vault should range between 250 and
750 pum,>'0 there is no agreement on postoperative
ACAs such as TIA or scleral-spur angle (SSA). In
our experience, large postoperative IOL vaults do not
necessarily indicate a narrow ACA, and they are not a

good predictor of postoperative ACA (Fig. 1). Aside
from the IOL vault, a more precise postoperative
prediction is required because better options may be
available for selecting the size of the IOL, even within
the appropriate vault range. Therefore, additional
models predicting postoperative ACA are needed to
achieve more accurate and safer ICL implantation.
ACA prediction is critical for establishing the suitabil-
ity of ICL implantation in patients with shallow
ACD. Because machine-learning (ML) techniques
have been used for vision correction surgeries,!!
we adopted them for more accurate outcome
prediction.

Herein, we hypothesized that postoperative ACA
changes are closely associated with the biomet-
ric factors of anterior segment optical coherence
tomography (AS-OCT) and the size of the IOL,
which is predictable. This retrospective study with a
large dataset found a relationship between clinical
measurements and postoperative ACA to identify
significant factors for ACA prediction. To help
clinicians predict postoperative TIAs and SSAs
for selecting the optimal IOL size, we established
and validated prediction models using statistical
and ML approaches with AS-OCT and refractive
features.

Data Collection

This study aimed to develop mathematical models to
predict postoperative ACA values using pre-operative
data. We retrospectively collected pre-operative and
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postoperative ocular measurement data from the
B&VIIT Eye Center (Seoul, South Korea). This study
was approved by the institutional review board of
the Korean National Institute for Bioethics Policy
(No. P01-202208-01-037), and followed the tenets
of the Declaration of Helsinki. From January to
December 2021, the patients underwent vision correc-
tion surgery with posterior phakic intraocular lens
implantation using an ICL (V5 models, EVO Visian
ICL with KS-AquaPort). The inclusion criteria were:
age 18 to 50 years, stable refraction, —0.50 to
—20.00 diopters, hyperopia or myopia with astig-
matism of <5.00 D, and availability of the pre-
operative AS-OCT measurements and the postopera-
tive scanning results of AS-OCT for ACAs (TTAS500,
TIA750, SSA500, and SSA750) at 6 months postop-
eratively. AS-OCT was performed using CAISA2
(Tomey, Nagoya, Japan) under certain dark-light
conditions using blackout curtains. To ensure a non-
accommodative state, the patient was asked to stay at
a far distance during all examinations. Patients with a
history of ocular surgery, corneal disease, glaucoma,
uveitis, or retinal disease were excluded from the
study.

The selection of ICL size was based on the clini-
cal decision obtained from the full evaluation by
each surgeon. Before surgery, the surgeons decided
on the lens size for each patient based on postoper-
ative IOL vault predictions from the manufacturer’s
nomogram, KS-formula,'”> and Al-based method.®
The surgeons decided the lens size for each patient
based on postoperative IOL vault predictions, with
a target size of 500 pum. All the surgeons were
Korean board-certified ophthalmologists. Three expert
surgeons had an average experience of 10 years,
and one novice surgeon had 2 years of experi-
ence in ICL surgery. All operations were performed
in a standard manner with a 3-mm clear corneal
incision.’

Patients underwent pre-operative spherical equiv-
alent (SE) measurements from manifest refraction,
keratometry, pupil size (under dark conditions),
and pre-operative white-to-white (WTW) distance
measurements from Keratograph 4 (Oculus GmbH,
Wetzlar, Germany). CASIA2 was done after 1 minute
of dark adaptation.® One trained observer checked
the scleral spur and angle points in each image
during the examinations. The built-in 2D analysis
program in CASIA2 allows the automatic calcula-
tion of measurements, structural outlines, and refer-
ence lines.!3 The image analysis process automatically
measured central corneal thickness (CCT), angle-to-
angle distance (ATA; the distance between 2 scleral
spurs), According to the definitions, all factors were
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measured at 500 um and 750 um from the scleral spur
or angle recessed lens, anterior chamber width (ACW;
the distance between the 2 angle recesses), crystalline
lens rise (CLR), and lens vault (LV). ACA-related
factors, including angle opening distance (AOD), angle
recess area (ARA), trabecular iris space area (TISA),
and TIA were also automatically measured. At 6
months postoperatively, we measured ocular biomet-
rics using CASIA2 and analyzed the data. Postoper-
ative TIAs and SSAs were manually extracted from
AS-OCT images through a retrospective chart review.
All factors were measured at 500 and 750 um from
the scleral spur or angle recess according to the defini-
tions (Supplementary Table S1).3 For this analysis,
we used the average value of the nasal and tempo-
ral measurements of TIA500, TIA750, SSA500, and
SSA750.

We used anonymized medical records, pre-operative
data, and 6-month postoperative data to develop and
validate datasets. During the study, 538 eyes of 269
patients were operated on by 3 expert surgeons (train-
ing and internal validation), whereas 42 eyes of 21
patients were operated on by a novice surgeon (exter-
nal validation). The training and internal validation
datasets were obtained from three expert surgeons
and randomly split. We assigned 430 eyes from 215
patients (80%) to the training dataset and 108 eyes
from 54 patients (20%) to the internal validation
dataset. A dataset from a novice surgeon was used to
validate the model as an independent external dataset
(42 eyes from 21 patients).

Model Development

We used statistical and ML models to predict
the postoperative ACAs for ICL surgery, including
TIAS500, TIA750, SSA500, and SSA750. Further-
more, we constructed five postoperative ACA predic-
tion models: (1) multivariable linear regression with
variable selection (LR), (2) least absolute shrinkage
and selection operator (LASSO), (3) support vector
machine regressor with a Gaussian kernel (SVR),
(4) random forest regression (RFR), and (5) extreme
gradient boosting regression (XGBoost). LR and
LASSO are the most popular methods for dimension
reduction and robust linear regression in biomed-
ical fields."* SVR is based on mapping data to a
higher-dimensional space through a kernel function
and choosing the best linear regressor that estimates
training data.!> RFR is an ensemble learning method,
which consists of a collection of decision trees and
can deal in training with high-dimensional data faster
than other methods with a very robust performance.'¢
XGBoost falls under larger parallel tree boosting
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for regression and optimizes both the training loss
and regularization of the model for the ensemble
of the trees generated.!” The codes and tutorials for
XGBoost have been well documented in publicly
available repositories (https://gist.github.com/pbl111).
The input variables for model development
included age, sex, SE, mean keratometry, pupil
size, IOP, WTW, CCT, ATA, ACD, ACW, CLR,
LV, AOD500, AOD750, ARAS500, ARA750,
TISA500, TISA750, TIAS500, TIA750, and ICL
size.

Variable selection in the LR model was achieved by
conducting both forward and backward stepwise selec-
tions. To avoid multicollinearity, we chose variables
that were included in both stepwise selection processes.
We also considered the variance inflation factor (VIF)
to identify the independent predictors in the final
regression model. The threshold value of VIF was set
to >5, which means that the predictor was related to
multicollinearity problems. Because VIF is an index
representing the interactions between predictors (input
factors), dependent variables (ACAs) are excluded
from the VIF calculation by its definition. Generally,
tree-based machine-learning techniques are known to
have few multi-collinearity problems owing to their
boosted nature,'® therefore, we did not select variables
for RFR and XGBoost.

To obtain an interpretation of the features from
the XGBoost models predicting ACAs, we used the
SHapley Additive exPlanations (SHAP) technique.!

Presenting the SHAP feature importance in
tree-based models is a standard approach.?’
The scikit-learn version 0.21.2 (Python library,

https://scikit-learn.org/stable/) and RStudio version
3.5.1 (RStudio, Boston, MA, USA) were used to
use the ML and SHAP algorithms. Additionally, the
SHAP and XGBoost packages available in the GitHub
repository  (https:/github.com/pablo14/shap-values)
were used.

Pearson’s correlation coefficients and mean absolute
error (MAE) angles between the achieved and
predicted ACA values were used to evaluate regression
models. Data were analyzed using a linear mixed-effects
model to provide more precise results while account-
ing for the inter-eye correlation.?!->> To evaluate the
predictive ability of the developed models for the risk
of narrow postoperative ACAs (<20 degrees), we
evaluated the postoperative TIA and SSA regression
model results using receiver operating characteristic
(ROC) curves, and calculated the areas under the
curves (AUCs). Comparisons of the distribution of
the datasets were performed using the chi-square
test for categorical variables and the Student’s z-test
for continuous variables. The calculated MAEs were
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compared using paired -tests. All statistical analyses
were conducted using RStudio statistical functions.
Statistical tests were performed in a two-sided manner
with a significance level of P value < 0.05.

The patient demographics and ocular measure-
ments are presented in Table 1. In total, 538 eyes
from 274 patients who underwent surgery performed
by 3e experienced surgeons were used for training (n
= 430) and internal validation (r = 108). The dataset
from a novice surgeon (42 eyes of 21 patients) was
used for the external validation. All ICL surgeries were
performed uneventfully, and no complications required
additional surgical intervention. The distribution of
the training dataset differed from that of the external
validation datasets for pre-operative ACAs, including
AOD, ARA, TISA, and TIA. None of the patients
required an ICL size of 13.7 mm before surgery.
The distribution of postoperative ACAs is shown in
Supplementary Figure S1. In the training set, the pre-
operative TIAS500 and TIA750 were 57.4 degrees and
53.3 degrees, respectively, and the corresponding values
decreased to 26.4 degrees and 26.0 degrees at 6 months
postoperatively. Figure 2 shows the distribution of the
actual postoperative ACAs compared to that of the
postoperative IOL results using the entire dataset. No
postoperative ACAs were correlated with postopera-
tive IOL vault (Pearson correlation test: P value =
0.532 for TIAS500, 0.123 for TIA750, 0.213 for SSA500,
and 0.054 for SSA750). In our clinical observations,
postoperative ACAs were independent conditions that
were not affected by postoperative IOL vaults.

We explored the relationship between the pre-
operative biometric variables and postoperative
ACAs. Table 2 shows the correlation coefficients,
univariate regression analyses, and VIFs. The pre-
operative variables ACD, CLR, LV, AODs, ARAs,
TISAs, and TIAs significantly correlated with postop-
erative TIAs and SSAs (P < 0.001). However, pre-
operative ACAs revealed extremely high VIF values,
indicating that they had a multi-collinearity problem.
The ATA and ACW also had high VIF values of >10.
It should be noted that the VIFs have the same value
if there is the same combination of input variables.

Table 3 shows the multivariable LR analyses (linear
mixed-effects models) for postoperative TIA values.
The LR models with stepwise forward and backward
selections identified pupil size, ATA, ACD, ACW,
CLR, AODS500, TIA750, and ICL size as signifi-
cant predictors of postoperative TIA500. However,
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Table 1. Pre-Operative Demographics and Postoperative ICL Vaults of the Study Participants
Internal
Training Validation External
Dataset (3 Dataset (3 Validation PValuefor P Value for
Experts) (N Experts) (N (One Novice) Training Training
=430 Eyes = 108 Eyes (N =42 Eyes Versus Versus
from 215 from 54 from Internal External
Patients) Patients) 21 Patients) Validation  Validation
Age,y 25.3 £+ 6.1 255 +£ 59 25.7 + 6.6 0.869 0.688
Gender, female (N of patients, %) 130 (60.4) 34 (63.0) 13 (61.9) 0.666 0.941
Spherical equivalent (diopters) —8.61 £ 228 —855+224 —-8.88 + 1.98 0.822 0.406
Mean keratometry (diopters) 438 + 14 44.0 + 1.1 442 + 13 0.112 0.095
Pupil size (under dark conditions, 6.62 + 0.68 6.58 + 0.72 6.56 + 0.54 0.614 0.547
mm)
Intraocular pressure (mm Hg) 148 £ 2.7 14.7 £ 2.6 14.7 £ 2.7 0.674 0.735
White-to-white (mm) 11.71 £ 036 1167 + 037 1159 £+ 0.39 0.370 0.073
Central corneal thickness (um) 5284 4+ 36.1 531.1 £ 378 527.1 &+ 326 0.496 0.822
Angle-to-angle distance (mm) 11.80 +£ 037 11.75 £ 034 11.74 + 0.46 0.203 0.395
Anterior chamber depth (mm) 336 + 0.24 335 + 0.25 3.31 + 0.20 0.823 0.164
Anterior chamber width (mm) 11.84 £ 040 11.76 £ 036 11.78 + 0.49 0.055 0.471
Crystalline lens rise (um) —77.0 £ 1789 —77.2 + 169.2 —63.3 4+ 162.5 0.992 0.606
Lens vault (mm) 0.27 £ 0.16 0.28 £+ 0.18 0.23 £ 0.16 0.690 0.098
AOD500 (mm) 0.77 £ 0.27 0.80 £+ 0.32 0.67 £ 0.18 0.436 0.002
AOD750 (mm) 1.01 £ 0.31 1.05 £ 0.34 0.92 £+ 0.22 0.339 0.015
ARA500 (mm?) 0.28 £+ 0.12 030 £+ 0.14 0.24 £ 0.07 0314 0.001
ARA750 (mm?) 0.50 £+ 0.18 0.52 £ 0.22 0.44 £ 0.12 0.355 0.006
TISA500 (mm?) 0.26 £+ 0.10 0.27 £ 0.12 0.22 £+ 0.06 0.390 0.002
TISA750 (mm?) 0.48 £+ 0.17 0.50 £ 0.19 0.42 £ 0.11 0.368 0.007
TIA500 (degrees) 574 £ 131 573 £ 144 532 £ 90 0.964 0.007
TIA750 (degrees) 533+ 114 536 £ 11.6 505 £ 7.8 0.803 0.037
Achieved ICL size 0.461 0.297
12.1 mm (N of eyes, %) 168 (39.1) 46 (42.6) 21 (50.0)
12.6 mm (N of eyes, %) 228 (53.0) 57 (52.8) 17 (40.5)
13.2 mm (N of eyes, %) 34(7.9) 5(4.6) 4(9.5)
Postoperative achieved ICL vault 536.5 + 179.8 535.8 + 1569 502.7 + 1646  0.967 0.213
(um)
Postoperative TIA500 (degrees) 264 + 7.0 254 + 7.2 247 + 59 0.207 0.086
Postoperative TIA750 (degrees) 26.0 + 5.8 255 + 6.1 243 + 59 0.511 0.092
Postoperative SSA500 (degrees) 33.1 + 8.2 321 + 83 30.7 + 8.1 0.278 0.084
Postoperative SSA750 (degrees) 30.6 + 6.5 302 + 6.8 288 + 74 0.570 0.133

AOD500, angle open distance at 500 um; AOD750, angle open distance at 750 um; ARA500, angle recess area at 500 um;
ARA750, angle recess area at 750 um; ICL, implantable collamer lens; SSA500, scleral spur angle at 500 um; SSA750, scleral spur
angle at 750 um; TIA500, trabecular iris angle at 500 um; TIA750, trabecular iris angle at 750 um; TISA500, trabecular iris space
area at 500 um; TISA750, trabecular iris space area at 750 um.

AODS500 was removed because it was not selected
by both stepwise selection steps. ATA was also
removed due to higher VIF (>5) to avoid a multi-
collinearity problem. Finally, pupil size, ACD, ACW,
CLR, TIA750, and ICL size were selected for the final

LR model to predict postoperative TIA500. In the
prediction of postoperative TIA750, the same process
was repeated and we obtained the same variables as the
final predictors. The results of multivariable LR (linear
mixed-effects models) for the postoperative SSA values
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(B) Postoperative mean TIA750
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The distribution of postoperative anterior chamber angles (ACAs) against postoperative vaults. (A) The result of

trabecular-iris angle at 500 um (TIA500). (B) The result of trabecular-iris angle at 750 um (TIA750). (C) The result of scleral-spur angle at 500
pm (SSA500). (D) The result of scleral-spur angle at 750 um (TIA750). There are no significant correlations between ACAs and postoperative

vaults.

are shown in Table 4. After stepwise variable selec-
tion and removal of the variables with higher VIF, the
final LR models for postoperative SSAs also selected
pupil size, ACD, ACW, CLR, TIA750, and ICL size as
the final predictors. The variables in the final models
showed low VIF values (<5). According to the results
of the final LR models, equations were established to
predict postoperative ACAs (Supplementary Table S2).
The coefficients of ICL size for predicting postopera-
tive ACAs showed significant negative values, indicat-
ing that implantation of a large ICL results in narrow
postoperative ACAs. The data distribution and multi-
variable regression analysis showed that the ICL size
interacted with ACD in predicting postoperative ACAs
(Supplementary Fig. S2).

The SHAP technique estimated the feature impor-
tance of XGBoost models trained to predict postoper-
ative ACAs (Fig. 3). The SHAP values showed that the
ACD was the most critical predictor of postoperative
ACAs. According to the model predicting postopera-
tive TIAS500, the top 5 important preoperative factors
were ACD, TIAS500, pupil size, TIA750, and ACW.

To predict TIA750, the top 5 factors were ACD,
TIA750, pupil size, TIA500, and AOD750. Accord-
ing to the model predicting postoperative SSA500, the
pre-operative variables of ACD, pupil size TISA500,
TTAS500, and CLR were the top 5 important factors. In
the SSA750 model, the top 5 important pre-operative
factors were ACD, TIA750, pupil size, CLR, and
TISAS00.

Scatter plots of the results comparing the actual
and predicted ACAs are shown in Figure 4. In the
internal validation, the Pearson correlation coefficients
between the actual and predicted values of TIAS500,
TIA750, SSAS500, and SSA750 were 0.636 (P < 0.001),
0.662 (P < 0.001), 0.630 (P < 0.001), and 0.659 (P
< 0.001), respectively. The external validation showed
correlation coefficients of 0.566 (P < 0.001), 0.627 (P
< 0.001), 0.624 (P < 0.001), and 0.584 (P < 0.001)
for TIA500, TIA750, SSA500, and SSA750, respec-
tively. The overall MAEs achieved using the predic-
tion methods for internal validation are listed in Table
5. XGBoost provided the lowest MAEs (4.42 degrees,
3.77 degrees, 5.25 degrees, and 4.30 degrees for TIAS500,
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The feature importance estimated by the SHAP technique using the proposed XGBoost model. The summary plots show

the SHAP feature importance distributions. (A) The prediction result of trabecular-iris angle at 500 um (TIA500). (B) The prediction result
of trabecular-iris angle at 750 um (TIA750). (C) The prediction result of scleral-spur angle at 500 pm (SSA500). (D) The prediction result of

scleral-spur angle at 750 um (TIA750).

TIA750, SSAS500, and SSA750, respectively), but the
differences were not significant compared with those
obtained via the other methods for predicting all ACAs
in the internal validation. As shown in Table 6, in the
external validation, the LR model showed the lowest
MAE:s for TIAs (3.83 degrees and 3.71 degrees for
TIAS500 and TIA750, respectively) and SSAs (4.91
degrees and 4.70 degrees for SSA500 and SSA750,
respectively); however, there were no significant differ-
ences compared with the other methods.

We attempted to detect narrow postoperative ACAs
(<20 degrees) using the developed linear regression
models (LR and XGBoost for continuous ACAs
prediction). The ROC AUCs are shown in Figure 5. All
prediction results showed good ROC AUC:s of 0.79 or
higher in the internal and external validation datasets.
Five-fold cross-validation was performed owing to the
small number of narrow ACA data, and similar results
were obtained (Supplementary Fig. S3).

For a prompt hands-on experience with
postoperative ACA prediction, we developed a
simple web-based calculator application (https:

/ltaekeuntoo.github.io/) based on the final LR
model using pupil size, ACD, ACW, CLR, TIA750,
and ICL size, which was established in this study
(Supplementary Fig. S4).

We present statistical and ML approaches to predict
postoperative ACA following ICL surgery, based on
pre-operative biometric factors. Our proposed analy-
sis successfully identified the significant factors associ-
ated with postoperative ACA changes, thus support-
ing our hypothesis that statistical and ML models can
predict postoperative ACA. Furthermore, postoper-
ative ACA was predictable based on a large retro-
spective analysis and postoperative IOL vault was
not closely associated with postoperative ACA. The
risk of ACA narrowing must also be determined
with accurate prediction before ICL surgery. In the
future, our algorithm will be useful for evaluat-


https://taekeuntoo.github.io/
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(B) Postoperative mean TIA750
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Figure 4.

Performance of the developed machine-learning model to predict postoperative anterior chamber angles following ICL surgery.

The plots show the distribution of the predicted anterior chamber angles against the actual postoperative results. (A) The prediction result
of trabecular-iris angle at 500 um (TIA500). (B) The prediction result of trabecular-iris angle at 750 pm (TIA750). (C) The prediction result of
scleral-spur angle at 500 um (SSA500). (D) The prediction result of scleral-spur angle at 750 um (TIA750).

ing candidates for ICL surgery and selecting IOL
size.

To our knowledge, this is the first ML model to
predict comprehensive postoperative ACAs (TIAS500,
TIA750, SSA500, and SSA750) using pre-operative
data. Several studies have reported a relationship
between pre- and postoperative ACAs.®-232* However,
these studies included small datasets from <100
participants; moreover, no model was able to predict
postoperative ACA. Nishida et al. established a
postoperative TIA prediction model based on 174
eyes,” but their model was limited by its use of
the predicted postoperative ACD without ICL size.
Because Nishida et al. did not report the TIA measure-
ment sites, its clinical applicability is limited. Our study

specifically predicted postoperative ACAs, including
TIAS500, TIA750, SSAS500, and SSA750; therefore, our
model could provide accurate structural prediction
results.

Postoperative ACA prediction should be considered
an essential issue in ICL surgery. Generally, phakic
IOL implantation has been a safe option for vision
correction in patients with a shallow anterior chamber
or narrow ACA.”> However, the long-term conse-
quences of ACA narrowing have not been fully eluci-
dated.® An observational study found that narrow
ACA after ICL surgery may significantly influence
the reduction of corneal endothelial cells.* Another
study showed that approximately 15% of eyes with ICL
surgery showed postoperative trabecular-iris contact.®
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Table 5. Postoperative Anterior Chamber Angle Prediction Performance in the Internal Validation Dataset

Target Variables Actual Angle (Achieved Angle) LR LASSO  SVR RFR XGBoost
Postoperative TIA500 (degrees)
Prediction 25.28 2630 2597 2596 25.97 25.93
SD 6.88 4.27 448 441 4.46 452
MAE Reference 4.51 4.48 445 4.45 442
P value? - 0.075 0.216 0.053 0.442 Reference
Postoperative TIA750 (degrees)
Prediction 25.26 2597 25.67 25.68 25.68 25.66
SD 6.10 3.80 3.79 3.79 3.84 3.98
MAE Reference 3.83 3.78 3.84 3.83 3.77
Pvalue® - 0.802 0.845 0.308 0.170 Reference
Postoperative SSA500 (degrees)
Prediction 31.72 3283 3250 3249 3251 3245
SD 8.30 5.03 5.08 5.01 5.10 5.22
MAE Reference 5.38 5.27 5.38 5.31 5.25
P value® - 0.073 0969 0.104 0.287 Reference
Postoperative SSA750 (degrees)
Prediction 29.82 30.29 30.26 30.27 30.26 30.22
SD 7.04 4.08 4.20 4.01 423 441
MAE Reference 438 433 444 433 430
P value® - 0.196 0592 0.262 0.568 Reference

LASSO, least absolute shrinkage and selection operator; LR, linear regression with backward stepwise selection; MAE, mean
absolute error; RFR, random forest regressor; SSA500, scleral spur angle at 500 um; SSA750, scleral spur angle at 750 um; SVR,
support vector regressor; TIA500, trabecular iris angle at 500 um; TIA750, trabecular iris angle at 750 um; XGBoost, extreme

gradient boosting.
2Calculated using the difference between MAE values.

Because trabecular-iris contact means a block of
aqueous humor flows, elevated IOP with angle closure
or increased trabecular pigmentation can occur.”® If
this contact is not resolved, surgical interventions,
such as iridectomy, lens exchange into a smaller size,
or IOL removal, may be needed. Our study revealed
that postoperative TIA and SSA were predictable
(see Supplementary Fig. S2) and not associated with
postoperative vaults, as shown in Figure 2. Therefore,
both postoperative IOL vault and independent postop-
erative ACA prediction models are necessary to evalu-
ate suitability and select the optimal IOL size for ICL
surgery.

According to our observations, the common belief
that high IOL vaults produce excessive narrowing of
the ACA is not always clinically applicable (see Fig.
2). Postoperative vault is still a major parameter to
consider for the suitability and determination of lens
size. Too high a vault is associated with pupil abnor-
mality and IOL dislocation, whereas too low a vault
is associated with anterior subcapsular cataract forma-
tion.”” In our prediction models, implantation of a

large-size IOL resulted in a more narrow postoperative
ACA. Therefore, surgeons should consider postoper-
ative IOL vaults and ACAs to achieve safe and good
surgical outcomes. Considering only the IOL vault
while overlooking ACAs may result in ACAs that
are postoperatively too narrow, as shown in the case
examples in Figure 6. The cases show that both sizes
of 12.1 mm and 12.6 mm were acceptable according to
postoperative IOL vaults predicted by the KS formula
and ML algorithm.” Although this analysis is based on
a retrospective review, a smaller size might be a better
option according to the ACA prediction results. Figure
7 shows that the proposed algorithms can also be useful
when considering IOL exchange surgeries. Using the
proposed calculation, it is possible to predict whether
the ACA is stable after surgery. Our proposed method
complements the conventional IOL size selection based
on vault prediction and produces more accurate surgi-
cal outcomes.

The prediction performance was reduced in the
external validation set collected by a novice surgeon.
Although ICL surgery has been almost standardized,
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Table 6. Postoperative Anterior Chamber Angle Prediction Performance in the External Validation Dataset

Target Variables Actual Angle (Achieved Angle) LR LASSO SVR RFR  XGBoost
Postoperative TIA500 (degrees)
Prediction 24.76 25.14 25.04 25.02 25.03 24.93
SD 5.92 3.29 3.50 346 348 3.56
MAE Reference 3.83 3.91 3.89 3.92 3.93
Pvalue - Reference 0.751 0.793 0.727 0.702
Postoperative TIA750 (degrees)
Prediction 24.39 25.01 2487 2491 2483 24.74
SD 5.90 2.85 2.98 2.98 2.99 3.06
MAE Reference 3.71 3.83 3.87 3.86 3.86
Pvalue - Reference 0493 0361 0417 0.442
Postoperative SSA500 (degrees)
Prediction 30.75 31.83 3157 3162 31.62 31.49
SD 8.16 3.78 4.02 3.79 3.83 4.02
MAE Reference 4.91 4.99 5.02 4.97 5.02
Pvalue - Reference 0.238 0.197 0.268 0.229
Postoperative SSA750 (degrees)
Prediction 28.81 29.467 29.53 2992 2947 29.35
SD 7.46 3.21 3.26 3.23 3.27 3.39
MAE Reference 470 476 4.79 473 474
P value - Reference 0490 0405 0.615 0.581

LASSO, least absolute shrinkage and selection operator; LR, linear regression with backward stepwise selection; SSA500,
scleral spur angle at 500 um; RFR, random forest regressor; SSA750, scleral spur angle at 750 um; SVR, support vector regressor;

TIA500, trabecular iris angle at 500 um; TIA750, trabecular iris angle at 750 um; XGBoost, extreme gradient boosting.
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Figure 5.

Classification performance of the developed models (linear regression models) to detect narrow postoperative anterior chamber

angles (<20 degrees). (A) The prediction result from the internal and (B) external validation.
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(A) Preoperative IOL size calculation
— Proposed ACA prediction
ICL vault prediction (um
Lens size P () (degrees)
KS-formula Al-formula TIA500 TIA750
12.1 mm 299 293 16.0 15.6
12.6 mm 689 642 13.8 13.5
13.2 mm 1157 802 11.2 11.0
13.7 mm 1547 934 8.9 8.8
(B) . , .
Preoperative IOL size calculation
ICL vault prediction (um) Proposed ACA prediction
Lens size (degrees)
KS-formula Al-formula TIA500 TIA750
12.1 mm 309 308 16.9 16.5
12.6 mm 589 616 14.7 14.4
13.2 mm 1092 828 121 11.9
13.7 mm 1389 961 9.9 9.8
Figure 6.
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Postoperative anterior chamber

ICL lens vault: 630 ym
TIA500: 13.3°
E TIA750: 13.0°
SSA500: 16.7°
SSAT750: 14.8

Size: 12.6 mm
Postoperative anterior chamber

ICL lens vault: 543 ym
TIA500: 14.4°
TIA750: 14.1°
SSA500: 16.0°

| SSA750: 14.0

Size: 12.6 mm

Examples of postoperative ICL vault, anterior chamber angle (ACA) prediction, and lens size selection cases using the proposed

prediction model application. (A) A 31-year-old woman with narrow postoperative ACA. (B) A 27-year-old woman with narrow postoperative
ACA. The ICL vaults are calculated using the KS-formula'? and Al-based® methods.

(A)

ICL size: 12.6 mm
Actual TIA500 = 35.3°
Actual TIA750 = 32.5°
Proposed ACA prediction (TIA500) = 34.4°
Proposed ACA prediction (TIA750) = 33.9°

ICL size: 13.2 mm
Actual TIA500 = 18.6°
Actual TIA750 = 16.5°
Proposed ACA prediction (TIA500) = 21.1°
Proposed ACA prediction (TIA750) = 20.6°

Figure 7.

IOL exchange

ICL size (mm)
126 - 13.2

IOL exchange

ICL size (mm)
13.2 - 126

ICL size: 13.2 mm
Actual TIA500 = 30.9°
Actual TIA750 = 28.7°
Proposed ACA prediction (TIA500) = 31.4°
Proposed ACA prediction (TIA750) = 30.8°

ICL size: 12.6 mm
Actual TIA500 = 27.9°
Actual TIA750 = 25.4°
Proposed ACA prediction (TIA500) = 24.0°
Proposed ACA prediction (TIA750) = 23.8°

Examples of postoperative anterior chamber angle changes in IOL exchange surgeries. (A) A case in which the size of the

ICL was changed to a larger one. (B) A case in which the size of the ICL was changed to a smaller one.

different surgical skills might have affected the clini-
cal outcome in this study. Some ML studies have
shown decreased performance in external validation.
For example, the ICL vault prediction model trained
with the Korean population showed lower predictive
performance in the Japanese population.®” A review

on deep-learning algorithms summarized that many
studies reported a performance decrease in external
validation compared with that associated with internal
validation.?

The SHAP description of XGBoost, which is based
on boosting, shows relatively low importance of ICL
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size because it extracts impacts of factors without
considering multi-collinearity.”’ Therefore, variables
with high VIFs, which were removed from the LR
models, such as ATA, AOD, ARA, and TISA, received
high SHAP importance scores. However, the ICL
size is the only adjustable variable among the input
factors in this analysis. Therefore, even if the ICL size
exhibits relatively little importance in ML algorithms
and regression equations, the clinical significance is the
greatest in all prediction models. As observed in the
IOL exchange cases (see Fig. 7), the change in ICL size
actually significantly impacts the postoperative ACAs
changes. Unlike the postoperative IOL vault, which
was most affected by ICL size, the postoperative ACA
was more influenced by anatomic factors than the ICL
size. Most studies have demonstrated that postopera-
tive vaults can be predicted using ICL size, ACD, ACW,
CLR, or ATA.%* According to the regression analy-
sis in our study, pre-operative measurements, including
pupil size, ACD, ACW, CLR, TIA, and ICL size, were
significantly associated with postoperative ACAs. The
ML analysis revealed similar results; ACD, TIA, and
pupil size were the major factors affecting postopera-
tive ACAs. This finding slightly disagrees with similar
observations reported by a study that revealed that
age, SE, and axial length were critical factors affect-
ing postoperative ACA.® Our observation found that
ocular anatomic measurements of the anterior segment
without age, SE, and axial length could predict the
postoperative ACA changes with a moderate correla-
tion.

ML techniques did not significantly improve predic-
tion performance compared to the LR and LASSO
techniques in both internal and external valida-
tion. ML techniques demonstrably outperform high-
dimensional complex datasets. The good performance
obtained using only LR suggests that the inter-
actions between biometric measurements are not
complex regardless, of the underlying difficulty of
the prediction task. In particular, the use of ML
was not beneficial, with higher MAEs in external
validation. Owing to the relatively small size of our
dataset, overfitting of the training dataset may occur
during the training of the ML models. Hence, we
currently support the use of both ML techniques
and linear formulas to predict postoperative ACSs to
obtain better-generalized results. We believe that the
ML technique outperforms the traditional LR when
additional measurements are added to a multimodal
approach.

We did not build a binary classification model, such
as logistic regression or random forest classifier, to
predict low postoperative ACAs. There was a high
risk of overfitting in the binary classification because
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of the small number of patients with ACAs <20
degrees. Because the prediction models were trained
using continuous values of postoperative ACAs, focus-
ing on fitting all samples in the whole range and not on
the boundary of ACAs <20 degrees, the binary classifi-
cation performance was unsatisfactory. Further studies
targeting the prediction of low postoperative ACAs are
needed using more clinical data for accurate prediction.

A strength of this study was the collection of a large
postoperative AS-OCT dataset for ACA prediction
model development. In previous studies on postopera-
tive ACA, %23 selection bias may have occurred because
<100 samples were used for analysis. Our models used
full preoperative biometric variables via LR or ML
models compared with that of Nishida’s model.’ Using
a larger dataset, we were able to develop ACA predic-
tion models and validate them in the external dataset.
Additionally, we attempted to maximize the predictive
ability using ML techniques.

However, this study had several limitations. First,
it had a retrospective design. Because the predic-
tion model can support clinicians’ choice of ICL
size, prospective intervention studies are required to
confirm the effectiveness of the proposed model.
Second, the dataset consisted of an East Asian (South
Korean) population from a single refractive surgery
center. One study showed that structural biomet-
rics measured using AS-OCT varied by ethnicity.?!
Generally, eyes in East Asians have smaller anterior
segments than those in Caucasians. Therefore, we did
not use a large lens (13.7 mm). Finally, ACA predic-
tion models were developed using pre-operative AS-
OCT measurements under dark conditions, without
strict light control. The lighting condition can signif-
icantly affect the pupil diameter, iris thickness, and
ACA.*?

Conclusion

We developed models to comprehensively
predict postoperative ACAs using pre-operative
AS-OCT biometrics comprehensively showed that
pre-operative data could potentially be used as
good predictors of postoperative ACA narrow-
ing. Furthermore, this method will facilitate the
evaluation of postoperative ACA to prevent clini-
cians from overlooking the risks associated with
ACA narrowing during the pre-operative assess-
ment. Our ACA prediction algorithm is necessary
for more accurate surgery with optimal ICL size
selection.
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