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ABSTRACT

Introduction: This study evaluated vault chan-
ges in eyes implanted with an implantable Col-
lamer lens (ICL) with a central hole (ICL V4c)
for myopia and astigmatism correction as well
as factors related to vault changes over time.

Methods: This retrospective study enrolled 169
myopic eyes from 169 patients (137 women and
32 men) who underwent ICL V4c implantation
to correct myopia and astigmatism. Vault values
were measured quantitatively using a rotating
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Scheimpflug camera. Each patient underwent at
least four postoperative follow-up visits at
1 month, 6 months, 1year, and more than
2 years. We compared postoperative values
between groups and identified factors affecting
vault changes over time.

Results: The mean vaults at 1 month (baseline),
6 months, 1year, and the last follow-up time
following ICL implantation were 540.83 +
186.13, 520.00 £ 196.08, 503.79 + 198.30, and
471.42 £+ 211.35 um, respectively. Eyes with
baseline wvaults of 250-750 and > 750 um
exhibited a trend of vault decrease over time,
and the differences were statistically significant
(P <0.05) at 6 months and 1 year postopera-
tively, respectively. The variables relevant to the
value of vault decrease between baseline and
last follow-up time were anterior chamber
depth (ACD) and ICL power (adjusted
R?>=0.121, P < 0.001).

Conclusions: We found a trend of decreased
mean objective vault values over time, which
was more obvious in eyes with higher baseline
vault values. The vault value of the ICL
decreased more in eyes with shallower ACDs,
higher ICL power, or both. Moreover, the
decrease in vault values became statistically
significant earlier in eyes with higher baseline
vaults or shallower ACDs.

Keywords: Implantable Collamer lens; Vault;
Myopia
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Key Summary Points

Why carry out this study?

Previous studies have reported that the vault
has a tendency to decrease over time, but
few studies have evaluated factors related to
postoperative vault decrease while vault
plays an important role in maintaining the
safety and stability of the procedure.

In this study, we evaluated vault changes in
different levels in eyes implanted with
implantable Collamer lens (ICL) V4c and
factors related to vault change over the long
term.

What was learned from the study?

The result suggests that there was a trend of
decreased vault values over time, which was
more obvious in eyes with higher baseline
vault values. We found that the vault value
of the ICL decreased more in eyes with
shallower anterior chamber depth (ACDs),
higher ICL power, or both.

INTRODUCTION

The Visian Implantable Collamer Lens (ICL,
Staar Surgical Co.) is a commonly used posterior
chamber phakic intraocular lens (IOL, pIOL)
that is demonstrably safe and effective for
myopia and astigmatism correction [1, 2]. The
V4c model was designed with a 360-um central
hole in the central optical zone to prevent
pupillary block and acute angle-closure without
degrading optical qualities [3, 4]. Compared
with ICL V4, the central hole in the V4c
improves the circulation of aqueous humor and
helps maintain the intraocular pressure (IOP)
without additional peripheral iridotomy [5-7].
ICL V4c may also reduce the risk of anterior
capsular opacification and cataract formation
[8, 9].

Although postoperative complications of ICL
V4c implantation are rarely reported, the vault

(the distance between the posterior surface of
the ICL and the anterior surface of the crys-
talline lens) still plays an important role in
maintaining the safety and stability of the pro-
cedure. A low vault may lead to mechanical
contact with the crystalline lens or inadequate
aqueous circulation, which increases the risk of
anterior capsular opacification and cataract
formation [10, 11]. An excessively high vault
causes mechanical contact between the ICL and
iris, resulting in inflammation, high IOP, angle-
closure glaucoma, and pigment dispersion syn-
drome [12, 13].

Many studies have attempted to obtain an
ideal vault by evaluating associated factors,
developing new strategies to determine an
appropriate ICL size, and predicting postopera-
tive vault [9, 14, 15]. However, long-term stud-
ies have shown that the vault has a tendency to
decrease over time [12, 16]. Few studies have
evaluated factors related to postoperative vault
decrease. However, vault decrease, along with a
physiological increase in lens thickness with
age, may increase the risk of cataract formation,
making long-term vault follow-up of ICL
patients an important part of the evaluation of
ICL safety.

This study aimed to evaluate vault changes
during a period of more than 2 years using a
rotating Scheimpflug camera in a large cohort of
eyes that had been implanted with ICL V4c for
myopia and astigmatism correction, and to
evaluate factors related to vault change over the
long term.

METHODS

Subjects

This study adhered to the Declaration of Hel-
sinki and was approved by the Ethics Commit-
tee of the Fudan University Eye and ENT
Hospital. Informed consent was obtained from
all patients after the possible risks and benefits
of the study were explained to them.

This retrospective study enrolled 169 myopic
eyes from 169 patients (137 women and 32
men) consisting of 87 eyes implanted with the
myopic ICL V4c and 82 eyes implanted with the
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Table 1 Descriptions of patient demographic data and characteristics of implanted ICLs

Mean + SD 95% CI Range [min, max]
Age (years) 27.95 + 6.66 (26.94, 28.96) (18, 45]
Sphere (D) — 10.88 & 3.74 (— 1145, — 10.31) [— 25.00, — 2.25]
Cylinder (D) — 141 £ 1.16 (— 159, — 1.24) [— 5.00, 0.00]
ICL size (mm) 13.00 + 0.46 (12,93, 13.07) [12.1, 13.7]
ICL power (D) — 1236 & 324 (— 12.85, — 11.87) [— 18.00, — 4.00]
White-to-white (mm) 11.74 + 0.38 (11.68, 11.80) [10.70, 12.80]
ACD (mm) 3.16 £ 027 (3.12, 3.20) [2.80, 3.89]

ICL implantable Collamer lens, ACD anterior chamber depth, SD standard deviation, CI confidence interval

toric ICL V4c (Staar Surgical, Co.). The preop-
erative data and parameters of the implanted
ICL lenses are shown in Table 1.

Preoperatively, all the patients underwent
comprehensive ophthalmic examinations and
met the surgical requirements for ICL V4c
implantation. The examinations included
uncorrected distance visual acuity and corrected
distance visual acuity using a Snellen chart,
manifest spherical and cycloplegic refractions,
slit-lamp biomicroscopic and fundoscopic
examinations, IOP (noncontact tonometer),
corneal topography (Pentacam AXL, Oculus,
Germany), central corneal thickness (Pentacam
AXL), horizontal corneal diameter (white-to-
white, WTW, IOL Master 500, Carl Zeiss, Ger-
many), axial length (IOL Master 500, Carl Zeiss,
Germany), anterior chamber depth (ACD, Pen-
tacam AXL, measured from the corneal
endothelium to the anterior lens), corneal
endothelial cell density (ECD, noncontact
specular microscopy, SP-3000P, Topcon Corpo-
ration, Japan), optical coherence tomography
(OCT, Optovue, USA), and ultrasound biomi-
croscopy (UBM; Quantel Medical, France).

The inclusion criteria were patients with age
between 18 and 45 years, monocular or binoc-
ular myopia, ECD > 2000 cells/mm?, and
ACD > 2.8 mm. Exclusion criteria were patients
with history of certain ocular diseases (suspicion
of keratectasia, corneal or lens opacity, glau-
coma, retinal detachment, macular degenera-
tion, or neuro-ophthalmic disease), previous

corneal or intraocular surgery, history of
inflammation or trauma, and systemic disease.

ICL Calculation

All eyes included in this study had either myo-
pic or toric V4c ICLs implanted. ICL V4c is a
plate-haptic single-piece intraocular lens made
of Collamer which can be folded and implanted
in the posterior chamber via a 2.8-3.2 mm cor-
neal incision. It comes in four sizes: 12.1 mm,
12.6 mm, 13.2 mm, and 13.7 mm. ICL power
calculations were performed using software
provided by the manufacturer (Staar Surgical).
The size (length) of the implanted ICL was
determined on the basis of the patient’s WTW
and ACD, and UBM measurements, such as
sulcus-to-sulcus (STS) distance, were also con-
sidered in the process.

Surgical Techniques

The ICL V4c implantation procedures of all
patients included were performed by two expe-
rienced surgeons (XZ and XW). Before surgery,
the pupils were dilated with 2.5% phenyle-
phrine and 1% tropicamide. After topical anes-
thesia and injection of 1% sodium hyaluronate
into the anterior chamber via a puncture site at
the 6 o’clock position of the cornea, ICL V4c
was implanted via a 3.0-mm temporal corneal
incision using an injector cartridge and then
placed in the posterior chamber. Subsequently,
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the viscoelastic surgical agent was completely
removed from the eye using a balanced salt
solution and a miotic agent was instilled. Post-
operative medications included antibiotic eye
drops, nonsteroidal anti-inflammatory eye
drops, steroidal eye drops, and artificial tears.

Follow-up of Vault Values

The central vault refers to the distance between
the posterior surface of the ICL and anterior
surface of the crystalline lens, which was
quantitatively measured postoperatively using a
rotating Scheimpflug camera (Pentacam AXL,
Oculus, Germany). Each patient underwent at
least four postoperative follow-up visits at
1 month, 6 months, 1year, and more than
2 years. Vault values obtained 1 month postop-
eratively were considered as the baseline.

Statistical Analysis

All statistical analyses were performed using
SPSS version 26.0 (SPSS Corp., Armonk, NY,
USA), and the results were expressed as
means + standard deviations. The Shapir-
o-Wilk test was used to determine whether a
variable was normally distributed. All eyes were
classified into three groups based on vault val-
ues at 1month postoperatively (baseline).
Repeated measures analysis of variance
(ANOVA) with Bonferroni adjusted post hoc
comparisons was used to explore trends of vault
change and statistical significance of vault
changes during follow-up visits. To evaluate the
potential factors implicated in vault changes
over time, parametric (Pearson’s coefficient)
correlation analysis and multiple linear regres-
sion analysis were used. To verify the correla-
tion between the preoperative ACD and vault
change value over time, the sample was divided
into three groups according to the preoperative
ACD value. Repeated measures ANOVA with
Bonferroni adjusted post hoc comparisons was
used to explore the differences of vault changes
in these groups. Differences were considered
statistically significant if the P value was less
than 0.05.
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Fig. 1 Descriptive statistics and level of statistical signif-
icance for vault changes over time (**P < 0.05)

RESULTS

Vault Changes Over Time

Vault assessment results were obtained from
169 eyes of 169 patients at routine visits over a
period of 2years, with an average follow-up
time of 2.5years (2.50 £ 0.71). We took the
vault values at four time points from each
patient: 1 month (baseline), 6 months, 1 year,
and the last follow-up time (more than 2 years).
Figure 1 shows the mean vault value at each
visit and the statistical significance of the vault
changes over time.

All eyes were divided into three groups based
on the vault measurements obtained at
1 month postoperatively (baseline): group 1,
vault values < 250 uym; group 2, vault values
250-750 ypm; and  group 3, vault wval-
ues > 750 pm. Repeated measures ANOVA with
Bonferroni adjusted post hoc comparisons was
used to explore the statistical significance of
vault changes during each visit, and the main
effects were significant (F = 10.288, P < 0.001,
partial eta squared = 0.158), showing that vault
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Table 2 Quantitative results and statistical significance of vault changes during each visit vs. the baseline

Groups Time
1 month 6 months 1 year 2 2 years

Group 1 (vault < 250)

N 20 20 20 20

Mean & SD  217.50 £ 28.81  202.50 + 44.71 201.00 + 58.57 182.50 £ 41.15

95% CI (172.05, 262.95)  (146.89, 258.11) (141.98, 260.02) (112.81, 252.19)

D (95% CI) 15.00 (— 28.87 t0 58.87) 16.50 (— 35.93 to 68.93) 35.00 (— 31.32 to 101.32)
P 1.000 1.000 0.964

Group 2 (250 < vaule < 750)

N 126
Mean + SD
95% CI

D (95% CI)
P
Group 3 (vault > 750)
N 23
Mean + SD
95% CI

D (95% CI)
P

538.73 & 114.38
(520.62, 556.84)

833.48 £+ 70.04
(791.10, 875.86)

126

519.21 =+ 138.78
(497.05, 541.36)
19.52 (2.05-37.00)
0.020*

23

800.43 + 92.56
(748.58, 852.29)

33.04 (— 7.87 to 73.95)
0.195

126

500.71 £ 144.88
(477.20, 524.23)
38.02 (17.13-58.90)
< 0.001*

23

78391 + 112.32
(728.88, 838.95)
49.57 (0.68-98.45)
0.045*

126

467.70 % 165.36
(439.93, 495.46)
71.03 (44.61-97.45)
< 0.001*

23

743.04 % 176.59
(678.06, 808.03)
90.43 (28.59-152.28)
0.001*

N number, SD standard deviation, D difference with baseline, CI confidence interval
*P < 0.05 (compared with baseline value)

Table 3 Results of multiple regression analysis of parameters with vault decreases between baseline and last follow-up

Parameters Mean * SD 95% CI Beta t r

ACD (mm) 3.16 £ 0.27 (3.12, 3.20) — 0.334 — 2497 0.014*
ACV (mm) 197.10 £ 31.17 (192.20, 202.00) 0.044 0.293 0.770
WTW (mm) 11.74 + 0.38 (11.68, 11.80) — 0.194 — 1515 0.132
Horizontal STS (mm) 11.96 £ 0.50 (11.88, 12.04) 0.101 0.716 0.475
ICL power (D) — 1236 £ 3.24 (— 12.85, — 11.87) 0.176 2210 0.029*

Beta standardized beta coefficients, ACD anterior chamber depth, ACV anterior chamber volume, WTW white-to-white,
STS sulcus-to-sulcus, JCL implantable Collamer lens, SD standard deviation, CI confidence interval
*P < 0.05 (compared with baseline value)
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Fig. 3 Correlation between vault decrease and ICL power.
ICL implantable Collamer lens

decreases were significant over time. The
quantitative results and statistical significance
are presented in Table 2. For group 1, the dif-
ferences were not statistically significant
(P > 0.05). For groups 2 and 3, there was a sig-
nificant decrease over time (P <0.05) at
6 months and 1year postoperatively, respec-
tively. Furthermore, we observed that higher
baseline vault values were associated with a
greater decrease over time; however, the differ-
ence was not statistically significant (F = 1.006,
P > 0.05).

Factors Affecting Vault Changes Over
Time

Some preoperative and ICL parameters showed
significant correlations with the value of vault
decrease during the follow-up period: ACD
(r= —0.292, P <0.001), anterior chamber
volume (r= — 0.248, P =0.002), WTW dis-
tance (r= — 0.184, P = 0.016), horizontal STS
distance (r= — 0.199, P=0.014), and ICL
power (r=0.173, P =0.025). No significant
correlations were identified between vault
decrease and preoperative anterior chamber
angle, axial length, corneal ECD, IOP, age, and
ICL size (P > 0.05). The results of the multiple
linear regression analyses are shown in Table 3.
The variables relevant to the value of vault
decrease during the follow-up period were ACD
and ICL power (adjusted R* = 0.121, F = 4.851,
P < 0.001). The value of vault decrease was
negatively correlated with preoperative ACD
and positively correlated with ICL power. The
ACD value was the most relevant variable. The
relationships between the vault decrease value
and ACD as well as ICL power are shown in
Figs. 2 and 3.

ACD Effects on Vault Changes

The eyes were divided into three groups
according to ACD values before surgery: group 1
(ACD < 3.0 mm), group 2 (3.0 < ACD < 3.4 mm),
and group 3 (ACD > 3.4 mm). Repeated mea-
sures ANOVA with Bonferroni adjusted post hoc
comparisons was used to explore the difference
of vault changes in these groups. The interac-
tion effect of follow-up time and preoperative
ACD value was significant (F = 8.986, P < 0.001,
partial eta squared = 0.140), indicating that the
trends of vault changes were different between
these three groups. The quantitative results and
statistical significance for each group are dis-
played in Table 4. For group 1l and group 2,
the differences were statistically significant
(P <0.05) 6 months postoperatively, whereas
for group 3, the difference was not statistically
significant (P > 0.05) even at the last follow-up
visit compared with that at the baseline. We
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Table 4 Quantitative results and statistical significance of vault changes in groups divided by ACD values

Groups Time
1 month 6 months 1 year = 2 years
Group 1 (ACD < 3.0 mm)
N 55 55 55 55

Mean + SD  410.00 £ 17549 374.73 £ 161.20

95% CI (367.98, 452.02)  (332.84, 416.61)
D (95% CI) 35.27 (10.00-60.55)
P 0.002*

Group 2 (3.0 < ACD < 3.4 mm)
N 78 78
Mean £ SD  569.74 &+ 159.23 539.62 + 162.61
95% CI (534.46, 605.03)  (504.44, 574.79)
D (95% CI) 30.13 (8.90-51.35)
P 0.001*

Group 3 (ACD > 3.4 mm)

N 36 36

Mean &+ SD  678.06 & 121.96 699.44 + 138.34

95% CI (626.12, 730.00)  (647.67, 751.22)
D (95% CI) — 21.39 (— 52.63 to 9.85)
P 0416

358.18 + 171.64
(315.48, 400.88)
51.82 (21.00-82.63)
< 0.001*

78

524.49 + 158.86
(488.63, 560.35)
4526 (19.38-71.13)
< 0.001*

36

681.39 + 145.11

(628.61, 734.17)

— 333 (— 41.42 to 34.76)
1.000

317.45 + 150.97
(273.18, 361.73)
92.55 (54.705-130.39)
< 0.001*

78
482.69 + 179.77
(445.52, 519.87)
87.05 (55.28-118.83)
< 0.001*

36

68222 + 157.81

(627.50, 736.95)

— 4.17 (— 50.94 to 42.61)
1.000

ACD anterior chamber depth, N number, SD standard deviation, D difference with baseline, CI confidence interval

*P < 0.05 (compared with baseline value)

observed that lower ACD values were associated
with greater and earlier decrease over time.

DISCUSSION

Several studies have reported that ICL V4c
implantation provides safe, excellent, and pre-
dictable results in the correction of myopia and
astigmatism [3, 4]. Furthermore, some studies
have reported that the ICL vault tends to
decrease over time [12, 16]. However, few
studies have reported on the factors affecting
vault changes. In the present study, vault values
decreased significantly after ICL implantation,

particularly within the first postoperative year.
Several factors have been potentially implicated

in this effect.

In the present study, we observed a trend of

decreasing mean objective vault values over
time, which was statistically significant after the
first 6 months (P < 0.05). Postoperatively, the
mean vault was 540.83 + 186.13 ym at
1 month, decreasing to 520.00 + 196.08 pm
after 6 months, to 503.79 £ 198.30 um after
1year, and to 471.42 £+ 211.35 um after more
than 2 years. In addition, we found differences
in vault changes between groups categorized by
baseline vault values. In the group with a base-
line vault < 250 um, the vault change was not
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statistically significant (P > 0.05). For the group
with a baseline vault between 250 and 750 pm
and the group with a baseline value > 750 um,
the vault decreased significantly (P < 0.05) at
6 months and 1year postoperatively, respec-
tively. The vault decrease was more obvious in
eyes with higher baseline vault values. This
corresponds with what was reported by Alfonso
et al. [12] in a study with 964 eyes; that study
found a statistically significant decrease in vault
values of groups with baseline vault > 350 pm
at the third postoperative month, but vault
changes was not statistically significant in
groups with baseline vault < 350 um. Some
studies have also shown that low vault values
tend to increase but this change was not statis-
tically significant over time [12, 17]. Higher
initial postoperative vault values evidently
make significant decreases more likely over
time. The ICL is placed in the posterior cham-
ber, pushing the iris outward as a result of the
formation of the vault, so that it receives pres-
sure from the iris, pushing the ICL to the crys-
talline lens. A relatively high vault may be
under a higher pressure , which is maybe a
reason why a higher vault had a more obvious
decrease while a lower vault tends to be more
stable.

Vault reduction is considered as a risk factor
for anterior subcapsular cataract (ASC) due to
the interaction of the ICL with the anterior lens
capsule [11]. Gonvers et al. [10] reported there
was a high risk of ASC formation when the vault
was smaller than 0.09 mm. Another study
found that the mean central vault tended to be
lower in eyes with cataracts than that in eyes
without cataracts 3 months after ICL implanta-
tion [18]. However, the ICLs used in these
studies did not have a central hole. Since the use
of ICL V4c, the occurrence of ASC has
decreased. Recent follow-up studies using ICL
V4c and more recent ICL versions have not
reported cataracts [19, 20]. Longer follow-up
time studies are still needed to observe the cat-
aract development after ICL V4c implantation.

The results of our study revealed that vault
values of the ICL decreased more over time in
eyes with a shallower ACD, higher ICL power,
or both. Although ACD and ICL power alone
cannot provide a sufficient explanation, as

evidenced by the small R* value (adjusted
R*=0.121), ACD played a major role in vault
reduction. Further investigation found that for
eyes with preoperative ACD < 3.4 mm, vault
decrease was significant 6 months postopera-
tively. However, for eyes with preoperative ACD
higher than 3.4 mm, vault changes were not
significant even at the last follow-up. We
observed that in 34 eyes vault increased at the
last follow-up, and compared their preoperative
and ICL parameters with the rest of the eyes. We
found that the eyes experienced vault increase
had a deeper preoperative ACD value compared
with the rest of the eyes (3.32mm and
3.12 mm, respectively), and the difference was
statistically significant (f test, = 4.106,
P < 0.001). Thus, shallower preoperative ACD
values were associated with more obvious vault
decreases. We assumed that in eyes with shal-
lower ACDs, the ICL may be under greater
pressure from the iris, resulting in vault reduc-
tion. And for eyes implanted with higher-power
ICLs, vault values tended to decrease more
because the lens was thinner and more likely to
be affected by the pressure from the back of the
iris.

Most studies have investigated factors
affecting postoperative vault values; however,
few have studied factors affecting the change in
postoperative vault values over time. Kamiya
et al. reported that variables relevant to the ICL
vault were WTW distance and patient age [18].
Alfonso et al. found that for eyes with a higher
baseline vault, eyes showing a decrease of vault
had a smaller difference between ICL size and
WTW distance, a smaller ICL size, a shallower
ACD, and a smaller WTW distance [12]. For eyes
with a lower baseline vault, vault decreased
more in eyes that had a smaller difference
between ICL size and WTW distance, a smaller
ICL size, and were less myopic [12]. Their study
agrees with ours in that the vault decreased
more postoperatively in eyes with a shallower
ACD or higher ICL power, because the ICLs in
less myopic eyes had higher ICL power. Since
we used the STS length obtained by UBM to
help us calculate the ICL size and orientation of
implantation, the patients included in this
study might have had a more appropriate ICL
size, which may explain why ICL size and WTW
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distance were not statistically significant in our
outcomes.

Other factors, such as ICL rotation, change of
fixed location, physiologic or accommodative
pupillary movement and age-related increases
in crystalline lens thickness, also account for
the decrease in ICL vault over time [18, 21]. If
the ICL rotated towards the vertical position,
the vault would decrease because the vertical
STS length was longer than the horizontal one
[22]. In terms of fixed locations for the ICL, the
ideal fixed position was resting on the ciliary
sulcus. ICL haptics are typically located at either
the ciliary sulcus or ciliary body [23]. If the
fixation location changes from the ciliary body
to the ciliary sulcus, then the vault may
decrease. Several studies have reported that
pupil constriction leads to a significant decrease
in the central vault under photopic conditions
as it causes both posterior movement of the ICL
and anterior protrusion of the crystalline lens
[9, 24, 25]. Du et al. [26] demonstrated that
pupillary constriction with the use of topical
pilocarpine also cause ICL vault decrease. The
central thickness of the crystalline lens increa-
ses with age, and a thicker lens may contribute
to anterior protrusion of the front surface of the
crystalline lens [27, 28].

Our study had several limitations. The first
was the short average follow-up time of
2.5years (2.50 £ 0.71) compared with some
studies that had a 10-year follow-up time. To
determine whether vault stops decreasing after
a certain time point, a longer monitoring time
is required. Second, the vault was measured
manually using a Pentacam Scheimpflug imag-
ing system, which might not have been accu-
rate considering the image is not that clear.
However, Scheimpflug tomography (Pentacam)
is a common approach in vault measurements
and is demonstrably well correlated with ante-
rior segment OCT, as revealed by a recent study
[29].

CONCLUSIONS

The present study showed that vault tended to
decrease over time after ICL implantation, par-
ticularly in eyes with baseline vault values

higher than 250 pm. The vault values of the ICL
decreased more over the long term in eyes with
a shallower ACD, higher ICL power, or both,
and the decrease in vault became statistically
significant earlier in eyes with a shallower ACD
and higher baseline vault.
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