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ABSTRACT

Introduction: To evaluate the short-term safety
and efficacy of the EVO implantable collamer
lens (ICL) using a customized implanting ori-
entation design based on ultrasound biomicro-
scope (UBM) measurement.

Methods: The prospective case series included
310 eyes of 158 patients treated with ICL. To
achieve an optimal vault, an ICL of specific size
was chosen and implanted in a customized
orientation according to assessment of sulcus-
to-sulcus (STS) diameters, distance between STS
plane and crystalline lens (STSL), the morphol-
ogy of ciliary sulcus (MCS), anterior chamber
depth (ACD), and white-to-white (WTW). With
the new design, there were 138 eyes with a non-
horizontal orientation and 172 eyes with a
horizontal orientation of the ICL. Refractive
and ICL vault statuses were followed up for
1 day and 1 month postoperatively.
Results: The safety index at 1 month was
1.34 ± 0.17 for the non-horizontally implanted
group and 1.33 ± 0.16 for the horizontally
implanted group; the efficacy index was
1.21 ± 0.18 for the non-horizontally implanted
group and 1.18 ± 0.16 for the horizontally
implanted group. All eyes achieved an uncor-
rected distance visual acuity of 0.10 logMAR or
better. No significant difference in endothelial
cell density was observed between the preoper-
ative value (2792.6 ± 247.6 cells/mm2) and
value at 1 month postoperatively
(2744.2 ± 243.3 cells/mm2), and no cataract or
anterior subcapsular opacification was observed.
Ideal vault (250–750 lm) was achieved in 84%
of eyes (260/310).
Conclusion: The customized ICL design of
implanting orientation based on UBM
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measurement provides good safety, efficacy,
and vault predictability.

Keywords: Posterior chamber phakic
intraocular lenses; Implantable collamer lens
(ICL); Customized orientation; Ultrasound
biomicroscope (UBM); Visual outcome; Vault

Key Summary Points

Why carry out this study?

To achieve clinically safe and desirable
outcomes, the ICL must be accurately and
stably placed in the ciliary sulcus with an
appropriate vault. An insufficient or
excessive vault remains a risk factor for
complications.

The traditional ICL sizing based on white-to-
white (WTW) diameter and anterior
chamber depth (ACD) is not good enough to
achieve an optimal postoperative vault for
each individual.

The study assumed that an ideal vault can be
achieved by customizing the ICL orientation
and evaluated the short-term outcomes of
ICL using a customized implanting
orientation design based on ultrasound
biomicroscopy (UBM) measurement.

What was learned from the study?

The customization of implanting orientation
could safely and effectively manage the
vault.

The sulcus-to-sulcus (STS) diameters,
distance between STS plane and crystalline
lens, and ciliary sulcus morphology should
also be considered during design.

INTRODUCTION

The Visian implantable collamer lens (ICL;
STAAR Surgical, Monrovia, CA, USA) is a widely
used posterior chamber phakic intraocular lens.

The implantation of the ICL has been accepted
as a safe, effective, and predictable surgical
procedure for correcting a wide range of refrac-
tive errors with good visual and optical quality
[1, 2]. However, to achieve clinically safe and
desirable outcomes, the ICL must be accurately
and stably placed in the ciliary sulcus with an
appropriate vault. Although the safety of the
ICL with a central port (EVO ICL, Model V4c) is
better than the previous Model V4, an insuffi-
cient vault may still increase the risk of anterior
subcapsular cataract, while an excessive vault
remains a risk factor for complications, such as
secondary glaucoma and endothelial damage
[3]. Currently, the optimal sizing of the ICL and
management of the postoperative vault remains
a challenge for ICL surgeons.

Traditionally, ICL sizing has been based on
white-to-white (WTW) corneal diameter and
anterior chamber depth (ACD), as proposed by
the manufacturer (STAAR Surgical); however,
the performance of the formula is not good
enough to achieve an optimal vault for each
individual [4]. Additional ocular biometric
parameters measured by ultrasound biomi-
croscopy (UBM), such as the sulcus-to-sulcus
(STS) diameter and distance between STS plane
and anterior crystalline lens surface (STSL), were
reported to be correlated with the vault and
could be applied for the optimization of ICL
sizing [5, 6]. Furthermore, since the EVO ICL
comes in only four sizes (12.1 mm, 12.6 mm,
13.2 mm, and 13.7 mm), the surgeon has to
select a size closest to the optimal size, which
may limit the design of a custom ICL for an
individual eye.

The ciliary sulcus is vertically oval and the
STS diameter and STSL vary radially [7, 8].
Therefore, we assume that an ideal vault can be
achieved by customizing not only the ICL size
but also the ICL orientation. For eyes requiring
the implantation of a toric ICL (TICL), the
optimal refractive outcomes could be obtained
by ordering the TICL with the exact cylinder
axis at the customized axis. Herein, we report
the results of what is, to our knowledge, the first
prospective study to assess the efficacy and
safety of EVO ICL implantation using a cus-
tomized implanting orientation based on UBM
measurement.
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METHODS

Patient Selection and Study Design

This prospective interventional case series study
was performed at the Eye and ENT Hospital of
Fudan University (Shanghai, China). The study
adhered to the tenets of the Declaration of
Helsinki, in accordance with the local regula-
tory requirements. The protocols were approved
by the Ethics Committee of the Fudan Univer-
sity Eye and ENT Hospital Review Board (No.
2016038). All patients provided signed
informed consent before enrolment.

We recruited 310 eyes of 158 patients who
underwent the implantation of the EVO ICL for
myopia and/or myopic astigmatism using a
customized design of implanting orientation
based on comprehensive assessment of anterior
segment anatomy. The inclusion criteria were
(1) age of 20–40 years; (2) a stable refractive
error (change no greater than 0.50 D/year) for at
least 2 years; (3) corrected visual acuity (CDVA)
worse than 0.2 logMAR and spherical equiva-
lent (SE) less myopic than - 18.0 D; (4) ACD at
least 2.8 mm (measured from the endothelium);
(5) endothelial cell density (ECD) at least
2000 cells/mm2. Exclusion criteria were other
pre-existing ocular diseases, history of ocular
surgery/trauma/systemic diseases involving the
eyes, or severe mental disorders. The patient
demographics and the distribution of preoper-
ative anterior segment parameters are presented
in Table 1 and in the Supplementary Material
(Supplementary Fig. 1).

Determination of ICL

The EVO ICL power calculation (STAAR Surgi-
cal) was performed using a modified vertex
formula based on the ICL Power Calculation
Software (http://en.informer.com/icl-power-
calculation-software/, version 3.0). A TICL was
selected for eyes with astigmatism beyond 1.0
DC or 1/10 of spherical error, and for the eyes
which could gain two or more lines of the
CDVA after correcting astigmatism.

The standard size of the lens was chosen on
the basis of ACD and WTW (Pentacam HR, Type

70,900; Oculus Optikgeräte GmbH, Wetzlar,
Germany) according to the STAAR Company
online calculator and horizontal placement was
defined as 22.5� or less of rotation from the
horizontal meridian. The difference between
the horizontal STS and WTW diameters
(hSTS - WTW; Compact Touch STS UBM,
Quantel Medical, France) was the main factor to
consider, while the distance between the STS
plane and anterior crystalline lens surface (STSL,
UBM) and the morphology of ciliary sulcus
(MCS, UBM) were secondary factors. The MCS
was evaluated using the ratio of the width of the
ciliary sulcus recess to the maximum iris thick-
ness near the pupil margin (IT3). When the
ratio was between 0.5 and 1, the MCS was

Table 1 Patient profile

Characteristics Mean – SD Range

Age (years) 26.9 ± 5.0 20, 46

Gender (male/female) 32/126

Sphere (D) - 7.97 ± 2.26 - 15.50,

- 1.75

Cylinder (DC) - 1.17 ± 0.82 - 5.00, 0

SE (D) - 8.55 ± 2.34 - 16.25,

- 3.25

CDVA (logMAR) 0.00 ± 0.02 - 0.08, 0.10

ACD (mm) 3.20 ± 0.22 2.80, 3.83

WTW (mm) 11.61 ± 0.32 10.9, 12.4

Horizontal STS (mm) 11.78 ± 0.40 10.49, 12.74

Horizontal

STS - WTW (mm)

0.24 ± 0.30 - 0.60, 0.93

Horizontal STSL (mm) 0.34 ± 0.17 - 0.12, 0.90

MCS (narrow/normal/

wide)

17/131/162

Type (non-toric/toric) 159/151

ACD anterior chamber depth, CDVA corrected distance
visual acuity, MCS morphology of ciliary sulcus, SE
spherical equivalent, STS sulcus-to-sulcus diameter, STSL
distance between STS plane and anterior crystalline lens
surface, WTW white-to-white diameter
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defined as normal; when it was greater than 1,
the MCS was defined as wide; otherwise, the
MCS was defined as narrow (Supplementary
Fig. 2).

Non-horizontal implantation with the same
size of ICL is considered to provide a mild
adjustment of an expected vault. Thus, we
designed a set of sequential options with a
combination of the ICL size and implantation
orientation, instead of ICL size alone (Fig. 1).
When hSTS - WTW was mildly larger than the
average level, the standard size was considered
too small for the eye and the option was lifted
by one level, i.e., non-horizontal implantation
with a larger ICL size. When hSTS - WTW was
mildly smaller than the average level, the stan-
dard size was expected to be too large for the eye
and the option was reduced by one level, i.e.,
non-horizontal implantation with the standard
size will be chosen. When the hSTS - WTWwas
much larger/smaller than the average level, the
original option was increased/reduced by two
levels. After the size and orientation were
adjusted according to hSTS - WTW, if there
was still one of the ‘‘plus’’ signs (1. large STSL, 2.
wide MCS) present, the option was increased by
an extra level. For non-horizontal implantation,
the ICL orientation was determined on the basis
of the axis in which the STS - WTW was closest
to the average when the standard size was
chosen or the STS - WTW was closest to the

average ± 0.5 when the larger/smaller size was
chosen. The ICL cylinder axis was determined
on the basis of the preoperative axis of astig-
matism and the aiming axis of the ICL
implanting orientation. The post-rotation ICL
has its cylinder axis equal to the preoperative
axis of astigmatism.

According to the aforementioned criteria,
109 eyes were implanted with ICLs of the
standard size non-horizontally, 29 eyes with
ICLs in the greater size non-horizontally, 64
eyes with ICLs in the smaller size horizontally,
97 eyes with ICLs in standard size horizontally,
and 11 eyes with ICLs in the greater size
horizontally.

Surgical Procedures

Before the surgery, the surgeon marked the zero
horizontal axis and the attended axis at a slit
lamp while the patient was sitting upright to
avoid potential cyclotorsion while lying supine.
The one-step technique was conducted as pre-
viously described [1]. Briefly, ICL V4c was
implanted with an injector cartridge via a 3-mm
clear corneal incision, and a moderate vis-
coelastic agent (1.7% sodium hyaluronate;
Bausch & Lomb, China) was injected into the
anterior chamber. ICL V4c was placed in the
posterior chamber and the viscoelastic agent
was removed using Ringer’s lactate solution by

Fig. 1 Flowchart of the customized implanting orienta-
tion design based on comprehensive assessment of anterior
segment anatomy. ACD anterior chamber depth, MCS
morphology of ciliary sulcus, STS sulcus-to-sulcus

diameter, STSL distance between STS plane and anterior
crystalline lens surface, WTW white-to-white diameter,
hSTS - WTW the difference between the horizontal STS
and WTW diameters
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irrigation only. Supplementary Fig. 3A shows an
intraoperative photograph.

After implantation, patients received topical
0.5% levofloxacin four times daily for 7 days,
1.0% prednisolone acetate four times daily for
4 days, and pranoprofen four times daily for
14 days.

Main Refractive and Biometric Measures

Each patient underwent eye examinations
before and 1 day and 1 month after the surgery.
The main parameters were (1) uncorrected dis-
tance visual acuity (UDVA), corrected distance
visual acuity (CDVA), and manifest refraction;
(2) axial length (IOL Master, Carl Zeiss Meditec),
intraocular pressure (IOP, Canon Full Auto
Tonometer TX-F; Canon, Tokyo, Japan), and
ECD (EM-4000, TOMEY; Nagoya, Japan); (3)
corneal topography, WTW, and ACD (Penta-
cam); (4) STS diameter and STSL were measured
as previously described [6] in both horizontal
and vertical meridian and the MCS was evalu-
ated (preoperatively, UBM); (5) horizontal vault
of the ICL (postoperatively, CASIA2 swept-
source OCT, TOMEY).

Statistical Analysis

The data were analyzed using R version 3.6.2 (R
Project for Statistical Computing, http://cran.
rproject.org). Continuous variables were pre-
sented as mean ± standard deviation (SD), and
categorical variables were presented as fre-
quency and percentage. The eye-level continu-
ous variables at different time points were
compared using a generalized estimation equa-
tion (GEE). Statistical significance was set at
p value of less than 0.05.

RESULTS

Safety

All procedures and postoperative follow-ups
were uneventful; no complications were noted
during the 1-month follow-up. The mean safety
indices (postoperative CDVA/preoperative

CDVA) were 1.34 ± 0.17 and 1.33 ± 0.16 in the
non-horizontally implanted group and hori-
zontally implanted group, respectively. None of
the eyes lost one or more lines of CDVA
(Fig. 2a). There was no significant difference
between preoperative ECD value
(2792.6 ± 247.6 cells/mm2) and the value
1 month after the surgery (2744.2 ± 243.3 cells/
mm2, p = 0.06). At 1 month, all eyes were nor-
motensive with an IOP of less than 22 mmHg.

Efficacy

One month after the surgery, the efficacy indi-
ces (postoperative UDVA/preoperative CDVA)
were 1.21 ± 0.18 and 1.18 ± 0.16 in the non-
horizontally implanted group and horizontally
implanted group. All eyes had a postoperative
UDVA of 0.10 logMAR or better (Fig. 2b).
Ninety-seven percent of the eyes in the non-
horizontally implanted group (134/138) and
98% of the eyes in the horizontally implanted
group (169/172) achieved a UDVA equal to or
better than the preoperative CDVA (Fig. 2c).

Predictability

Ninety-four percent of the eyes with non-hori-
zontally placed ICL (130/138) and 95% of the
eyes with horizontally placed ICL (163/172) had
an SE within ± 0.5 D. All eyes within ± 1.0 D
(Fig. 2d). Ninety-four percent of the eyes with
non-horizontally placed ICL (130/138) and 95%
of the eyes with horizontally placed ICL (163/
172) were within ± 0.5 D of the attempted SE
correction, and all eyes were within ± 1.0 D
(Fig. 2e, f).

Astigmatism Correction

Astigmatism in 84% of the eyes with non-hori-
zontally placed non-toric ICLs (56/67) was
within ± 0.5 DC, and that in all of the eyes was
within ± 1.0 DC. Astigmatism in 87% of the
eyes with horizontally placed non-toric (80/92)
was within ± 0.5 DC, and that in 97% of the
eyes (89/92) was within ± 1.0 DC (Fig. 3a).

Regarding the TICL, residual astigmatism in
89% of eyes with non-horizontally placed TICLs
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Fig. 2 Refractive outcomes at 1 month of implantable col-
lamer lens (ICL) using a customized non-horizontal or
horizontal implanting orientation based on comprehensive
assessment of anterior segment anatomy. a Changes in
Snellen lines of corrected distance visual acuity (CDVA);

b cumulative postoperative uncorrected distance visual
acuity; c postoperative UDVA versus preoperative CDVA;
d spherical equivalent (SE) refraction; e, f attempted versus
achieved SE refraction after ICL implantation using a non-
horizontal (e) or horizontal (f) implanting orientation

1192 Ophthalmol Ther (2022) 11:1187–1198



Fig. 3 Astigmatism correction of implantable collamer
lens (ICL) using a customized non-horizontal or horizon-
tal implanting orientation. a, b Refractive astigmatism of
non-toric (a) and toric ICL (TICL, b); c, d attempted
versus achieved correction of astigmatic vectors (corneal

plane) after TICL implantation using a non-horizontal
(c) or horizontal (d) implanting orientation; e, f angle of
error (degrees) after TICL implantation using a non-
horizontal (e) or horizontal (f) implanting orientation

Ophthalmol Ther (2022) 11:1187–1198 1193



(63/71) was within ± 0.5 DC, and that in all of
the eyes was within ± 1.0 DC. Residual astig-
matism in 89% of eyes with horizontally placed
TICLs (71/80) was within ± 0.5 DC, and that in
98% of the eyes (78/80) was within ± 1.0 DC
(Fig. 3b). In the group of the smaller size, hori-
zontally placed ICLs, two eyes had astigmatism
of 1.25 DC but the slit lamp examination
showed that the deviation from the planned
orientation of implantation was less than 5�.
The scatter plots of target-induced astigmatism
(TIA) versus surgically induced astigmatism
(SIA) are shown in Fig. 3c, d. The astigmatism
correction index (SIA/TIA) was 0.99 ± 0.22 in
the non-horizontally implanted group and
0.93 ± 0.17 in the horizontally implanted
group. An angle of error within ± 15� was in
97% of eyes (147/151) (Fig. 3e, f).

Vault

An ideal horizontal vault (250–750 lm) was
achieved in 260 eyes (84%) 1 month after the
surgery (Fig. 4 and Supplementary Figs. 3B–E).
The vault in 13 eyes (4%) ranged from 150 to
250 lm and that in 34 eyes (11%) ranged from
750 to 1200 lm. Three eyes (1%) with vault
greater than 1200 lm were observed in two
non-horizontally placed ICLs in the standard
size and one horizontally placed ICL in the
larger size. All three eyes showed normal IOP
and no evidence of chamber angle closure. No

eye had a vault of less than 150 lm. No cataract
or anterior subcapsular opacification was
observed.

DISCUSSION

The optimization of the EVO ICL sizing has
been studied extensively [9, 10]; however, a
customized design for each individual eye
remains a challenge because there are only four
available sizes of the ICL. In this study, we
reported a novel ICL design, i.e., a customized
design of implanting orientation based on UBM
measurement, evaluated its short-term out-
comes, and demonstrated its practical value for
clinical treatment.

In the current study, more ocular parameters
and ICL implanting orientation were consid-
ered as variables to achieve an optimal vault.
STSL, a parameter indicative of the anterior
surface protrusion of the crystalline lens, has
been proven to affect the postoperative ICL
vault, and eyes with a high STSL tend to have
low vaults [6]. The characteristics of the poste-
rior chamber, especially the ciliary sulcus and
ciliary body, are also important factors for the
vault [11]. A large STS, wide MCS, or flat ciliary
process will result in a lower vault than expec-
ted. Therefore, these parameters should be
included in this concern. Furthermore, the
manufacturer recommended that the ICL

Fig. 4 Distribution of vaults (lm) at postop 1 months
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should not be rotated by more than 22.5� from
the horizontal meridian. However, for specific
eyes, ICLs of existing sizes with minimized
rotation may not ensure an optimal vault. The
STS diameter varies radially, and the vertical STS
diameter is normally greater than the horizon-
tal STS [7, 8]. In two patients who required
reoperation due to an excessive vault, the vault
decreased after rotation of the lens to a vertical
orientation [12, 13], suggesting that the vault
could be lower when the ICL is implanted ver-
tically. We further assumed that the vault varied
when the lens was placed in a different merid-
ian. Therefore, a customized implanting orien-
tation of the ICL was designed on the basis of
the previously mentioned parameters to pro-
vide an optimized vault. An oblique or vertical
orientation with a standard size was designed to
reduce the expected vault. An oblique or verti-
cal orientation with a larger size was designed to
increase the expected vault to a moderate
degree. To the best of our knowledge, this is the
first study to report the outcome of non-hori-
zontal ICL implantation.

When determining the ICL size and
implanting orientation, the difference between
horizontal STS and WTW diameters (STS -

WTW) is the main concern. Lee et al. reported
that STS - WTW was negatively correlated with
the ICL vault, and the ICL size - STS diameter
had a stronger correlation with the ICL vault
than the ICL size - WTW [5]. Thus, the ICL size
and orientation should be adjusted when
STS - WTW is too large or small. In addition,
the morphology of the crystalline lens, ciliary
sulcus, and ciliary body should also be consid-
ered. Notably, in most cases only if there is a
great difference between vertical and horizontal
STS diameters, the design of non-horizontal
placement would effectively decrease the vault;
this may also occur when there is a great dif-
ference between vertical and horizontal STSL,
noting that larger vertical STSL might further
reduce the vault. Additionally, a wide MCS
might also reduce the vault because of the
potential posterior dislocation of ICL haptics.

In this study, neither a contact between the
ICL and the crystalline lens nor a narrow ante-
rior chamber angle was observed, suggesting
that extreme underestimation or

overestimation of ICL size did not occur. The
vault in 84% of eyes was achieved in the range
of 250–750 lm. This is higher than the rate of
the ICL in Trancón’s study [14] (53%) and Qi’s
research [15] (76.6%) using the conventional
manufacturer WTW/ACD-based sizing. Naka-
mura et al. applied NK-formula V2 to select the
size of ICLs and 91.2% of the eyes showed
moderate vaults (250–1000 lm) [10], which was
similar to our results (93%). Measuring the STS
diameter in other different meridians, such as at
30�, 45�, 60�, 120�, 135�, and 150�, could be
helpful in improving the rate of an optimal
vault in the group of non-horizontally placed
ICLs. Although the vault in 4% of the eyes was
lower than 250 lm, no vault lower than 150 lm
was detected. Gonvers et al. observed anterior
subcapsular cataract after ICL V4 only in eyes
with vaults less than 90 lm and recommended
150 lm as the lower limit of target vaulting [16].
The design of the central port in EVO ICLs fur-
ther reduced the risk of complications caused by
a low vault [17]. Yang et al. observed a slight
increase in the anterior average lens density,
without anterior capsular cataract formation, in
62 eyes 4 years after the implantation of the
EVO ICL [18]. Three eyes were found with a
vault slightly greater than 1200 lm; however,
the postoperative anterior chamber angle was
greater than 12�, and thus the relatively large
vault was safe. Furthermore, it was reported that
the vault decreased over time and the decrease
in vaulting was pronounced in eyes with greater
initial vaulting [19]. Thus, a longer follow-up
period is required for these eyes. Although most
of the ICL implantations using the new method
have satisfying outcomes, the prediction of
postoperative vaults here was partly based on
clinical experience and it was difficult for
novices to determine the critical points and
weights of each parameter. Therefore, future
studies on new formulas for the design of ICL
implanting orientation are recommended.

The outcome of CDVA (safety index
1.34 ± 0.17 for the non-horizontally implanted
group and 1.33 ± 0.16 for the horizontally
implanted group) demonstrated that the new
customized design of the ICL implanting ori-
entation is safe for correcting myopia. Shimizu
et al. reported a safety index of 1.11 ± 0.23 at
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1 month after implantation of ICL V4c using
the standard WTW/ACD-based sizing [20] and
Miao et al. reported a safety index of
1.33 ± 0.22 at 3 months post-surgery [21],
indicating that the safety of the new design is
not inferior to that of the standard design.
Moreover, no loss of ECD was observed. This
finding, while preliminary, suggests that addi-
tional rotation required for non-horizontal
implantation may not lead to secondary corneal
endothelial damage. Since the follow-up dura-
tion was quite short, the long-term change of
ECD is unclear.

The customized design of the EVO ICL
showed good visual outcomes at 1 month (effi-
cacy index 1.21 ± 0.18 for the non-horizontally
implanted group and 1.18 ± 0.16 for the hori-
zontally implanted group). The efficacy index at
1 month postoperatively in Shimizu’s study was
0.96 ± 0.28 [20], which was similar to our out-
comes. Regarding astigmatism correction, all
eyes undergoing TICL implantation were
designed to have astigmatism fully corrected,
and most eyes had a postoperative cylindrical
error no greater than 0.50 D. However, two eyes
had a postoperative cylinder of 1.25 DC, which
was attributed to incision-induced corneal
astigmatism based on the corneal topography.

This study had some limitations. First, the
patients were followed up for only 1 month.
Further studies with long follow-up periods
should be undertaken to investigate the long-
term safety and rotational stability after non-
horizontal implantation. Second, the pre-
dictability of the vault was evaluated semi-
quantitatively and the long-term change in the
vault is also an important issue for future
research.

CONCLUSION

The EVO ICL using a customized implanting
orientation design based on UBM measurement
provides good safety, efficacy, and vault pre-
dictability. It could be a readily available
method to manage the ICL vault for patients
who may not achieve an optimal vault by using
the standard WTW/ACD-based sizing.
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