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Abstract
Background A modified implantable collamer lens (ICL)
with a central hole (diameter 0.36 mm), “Hole-ICL”, was
created to improve aqueous humour circulation. The aim of
this study is to investigate the effects of ICL power and the
relationship between pupil size and modulation–transfer
functions (MTFs) in a Hole-ICL in vitro.
Methods The ICL and intraocular lens (IOL) studied were the
Collamer ICL (Model ICM, STAAR Surginal) and the
monofocal IOLAF-1 (VA-60BBR, HOYA). The ICLs' powers
were −20.0 diopters (D), −10.0 D, −5.0 D, +3.0 D, and +10.0
D. A modified ICL with a central hole (diameter 0.36 mm),
“Hole-ICL”, was created. The monofocal IOL, which was
used as an artificial crystalline lens, was +30.0 D in power,
and it was 13.0 mm in length with an optic diameter of

6.0 mm. The line-spread function (LSF) was recorded with
the OPAL Vector System (Image Science Ltd.), and a model
eye (Menicon Co.) was used that consisted of a wet cell. A
conventional ICL or Hole-ICL was placed in the posterior
chamber of the model eye. The MTF was calculated from the
LSF using fast Fourier transform techniques. Furthermore, we
investigated the relationship between pupil size and the MTF
of the ICL for −5.0 D. The sizes of the effective aperture
were 2.0, 3.0, 4.0, and 5.0 mm.
Results The in-focus contrasts of the conventional ICL at
100 cyc/mm for a 3.0-mm effective aperture were 37%, 40%,
39%, 38%, and 39% for −20.0 D, −10.0 D, −5.0 D, +3.0 D,
and +10.0 D respectively. The in-focus contrasts of the Hole-
ICL at 100 cyc/mm for a 3.0-mm effective aperture were 37%,
40%, 39%, 38%, and 38% for −20.0 D, −10.0 D, −5.0 D, +3.0
D, and +10.0 D respectively. The results for a 2.0-mm
effective diameter showed that the in-focus MTF in the Hole-
ICL was lower than in the conventional ICL, although the
difference was small.
Conclusion These results suggest that differences in MTF
between the Hole-ICL and the conventional ICL for various
ICL powers and effective pupil diameters were small and
clinically negligible.
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Introduction

Posterior chamber (PC) phakic intraocular lenses (pIOLs)
have many advantages for the treatment of refractive error,
especially for high and moderate ametropia [1, 2]. However,
cataract development has been noted after PC pIOL
implantation [1]. The incidence of cataract formation with
Staar intraocular collamer lenses (ICLs) is reported to be
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between 0% [3] and 33.3% [4]. A secondary cataract may be
caused by a change in the circulation of aqueous humour to
the anterior surface of the crystalline lens. Therefore,
Shimizu created a centrally perforated ICL (i.e., Hole-ICL)
to improve aqueous humour circulation (Shimizu K.
Implantable Contact Lens. The 31st Annual Meeting of the
Japanese Society of Ophthalmic Surgeons, Yokohama,
Japan, 2008). In addition, Fujisawa et al. [5] reported that
the insertion of an ICL causes a change in the dynamics of
the intraocular aqueous humour, reducing its circulation to
the anterior surface of the crystalline lens. They concluded
that space is needed for aqueous humour flow between the
ICL and the crystalline lens to prevent a secondary cataract

from appearing, and an ICL with holes may better maintain
normal aqueous humour circulation. Also, Ohmoto et al. [6]
confirmed the optical performance of the Hole-ICL (diam-
eter 0.36 mm) in vitro and in optical simulations. They
showed that the MTF in vitro and in an optical simulation
study revealed no difference between the Hole-ICL (−14.5
D) and the conventional ICL for an effective pupil diameter
of 3.0 mm. However, a change in thickness, in the curvature
of the ICL, or in pupil size led to a change in optical
aberration, which can decrease optical quality.

Therefore, the aim of this study is to investigate the
optical performance of the Hole-ICL for various ICL
powers and effective pupil diameters.

Fig. 1 For various ICL powers at an effective pupil diameter of 3.0 mm, the measured in-focus MTF values for the Hole-ICL and conventional
ICL are presented
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Materials and methods

The ICL and IOL studied were the Collamer ICL (Model ICM,
STAAR Surgical) and the monofocal IOL AF-1 (VA-60BBR,
HOYA). The ICL’s powers were −20.0 D, −10.0 D, −5.0 D,
+3.0 D, and +10.0 D. The length of the ICL was 13.0 mm, and
the optic diameter was 6.0 mm. A modified ICL with a central
hole (diameter 0.36 mm), “Hole-ICL”, was created. The
monofocal IOL’s power was +30.0 D, and it was 13.0 mm in
length, with an optic diameter of 6.0 mm. The IOL used was an
artificial crystalline lens. The reason we used a high-power IOL
was that the focal point of the optical system is confined to the
optical rail in cases of high-power ICL, such as −20.0 D.

The line-spread function (LSF) was recorded with the OPAL
Vector system (Image Science Ltd.) using a model eye
(Menicon Co.) composed of a wet cell filled with a balanced
salt solution. Either the conventional ICL or the Hole-ICL was
placed in the posterior chamber of the model eye. TheMTFwas
calculated from the LSF using fast Fourier transform techniques.
The model eye consisted of a model cornea (Achromat, SSK4
and SF8) and a variable effective aperture (i.e., a real pupil) with
BK7 windows. The sizes of the effective aperture were 2.0, 3.0,
4.0, and 5.0 mm. In the system, the light source was confined to
546 nm. The detector type used was the RETICON K series
silicon linear photodiode array, which was 12.8 mm long and
had 512 pixels. The contrast values were determined with an
average of 16 array scans. With the exception of the effective
aperture, these MTF measurements conformed to the require-
ments of the International Organization for Standardization.

Results

The in-focus contrasts of the conventional ICL at 100 cyc/mm
for a 3.0-mm effective aperture were 37%, 40%, 39%, 38%,
and 39% for −20.0 D, −10.0 D, −5.0 D, +3.0 D, and +10.0 D
respectively (Fig. 1). The in-focus contrasts of the Hole-ICL at
100 cyc/mm for a 3.0-mm effective aperture were 37%, 40%,
39%, 38%, and 38% for −20.0 D, −10.0 D, −5.0 D, +3.0 D,
and +10.0 D respectively (Fig. 1).

With increasing effective diameters, the in-focus contrast of
the conventional ICL (−5.0 D) progressively decreased
(Fig. 2), while the in-focus contrast of the Hole-ICL (−5.0
D) progressively decreased at values>3.0 mm (Fig. 2). The
results for a 2.0-mm effective diameter showed that the in-
focus contrast in the Hole-ICL was lower than that for the
conventional ICL (Fig. 2), although the difference was small.

Discussion

MTF measurements in vitro are the internationally accepted
standard method for evaluating the performance of IOL

image quality, and it has been reported that one can predict
contrast sensitivity in vivo from contrast values in vitro [7].
Furthermore, Kawamorita et al. reported that this measure-
ment has high repeatability [8].

Rawer et al. [9] showed that with increasing refractive
power, the diffraction-limited MTF increased, and for
lenses with aberration, the MTF decreased with increasing
power above a certain limit. They showed that for powers
up to approximately +25.0 D, the MTF remains almost
constant, and for powers above approximately +25.0 D,
there is a significant loss of modulation (constant). In the
current study, although contrast at 100 cyc/mm for a power
of −20.0 D slightly decreased compared to other powers,

Fig. 2 In-focus MTF values for the Hole-ICL (−5.0 D) and
conventional ICL (−5.0 D) are presented at 100, 60, and 20 c/mm
for various effective pupil diameters ranging from 2.0 to 5.0 mm
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the difference was small. Furthermore, the optical perfor-
mance of the Hole-ICL was almost the same as the
performance of the conventional ICL. Some astronomical
telescopes represent cases of an optical system with a
centrally perforated lens. A Cassegrain telescope is one
example that has a large concave paraboloidal primary form
with a central hole. Shiratani et al. [10] reported that MTF,
obtained using the Zemax optical simulation software, of an
ICL with a central hole (diameter 1.0 mm) in the optic
region was similar to an unperforated ICL. The size of the
hole influenced the aqueous humour dynamics and
increased the aqueous humour perfusion volume over the
entire anterior surface of the crystalline lens. For all
IOLs, the ISO standard requires a contrast above 28% at
100 cyc/mm with a 3.0-mm effective aperture diameter.
Ohmoto et al. [6] reported that the differences between the
two ICLs (−14.5 D) were small, and both ICLs achieved
contrasts greater than 28%, which is required by the ISO.
Our results showed that all Hole-ICLs at various powers
fulfil the ISO criterion for MTF.

Variances of pupil diameter depend mainly on luminance
levels [11]. A change in pupil diameter may lead to a
change in wavefront aberration that affects retinal image
quality and subjective visual performance [11, 12]. This is
consistent with our current results. Furthermore, when pupil
size in the Hole-ICL changes, the proprietary area ratio
between the hole area and pupil area changes. Therefore,
there was concern that MTF decreases with a small pupil
for Hole-ICLs. While with large pupils, MTF decreased in
both ICLs, the performance of the Hole-ICL was almost the
same as the performance of the conventional ICL.

Chen et al. [1] reported that the analysis of cataract
progression in eyes with a pre-existing cataract showed a
progression rate of 29.5% after pIOL surgery. Several
causes may be involved, including aqueous humour
circulation [5], pIOL–crystalline lens contact [13] [14],
low vaulting between the ICL and the crystalline lens [15]
[16] [17], decreased anterior chamber depth with age [18],
myopia [19], and surgical trauma [20]. After improving
aqueous humour circulation in the Hole-ICL, Fujisawa [5]
reported that no cataract formed when the Hole-ICL was
used in porcine eyes. They concluded that the Hole-ICL
allowed the aqueous humour to flow sufficiently, and was
distributed over the anterior surface of the crystalline lens
through its central hole. In addition, Shiratani et al. [10]
suggested the possibility of preventing cataracts with the
Hole-ICL. Therefore, to prevent secondary cataracts, safe
vaulting and minimization of contact between the ICL and
the crystalline lens using appropriate ICL size selection and
accurate anterior chamber biometry are important.

Currently, many surgeons perform peripheral laser
iridotomies (LI) prior to ICL implantation to prevent a
pupillary block. However, LI may cause complications,

such as iritis, intraocular haemorrhage, elevation of intra-
ocular pressure, posterior iris synechia, and corneal decom-
pensation, as in bullous keratopathy. Although further
studies are needed to investigate the fluid dynamics of the
aqueous humour and although the results of this study must
be confirmed in vivo, the use of the Hole-ICL may
eliminate the need for LI.

In regards to the limitations of the present study, we used
the IOL as an artificial crystalline lens instead of a
crystalline lens. An artificial crystalline lens might affect
the results of this investigation. However, the difference
between an IOL and a crystalline lens might have little
influence on the relative contrast value difference between
the Hole ICL and conventional ICL, as opposed to each
absolute value.

In conclusion, our results suggest that a minimal central
hole in an ICL might not have a great impact on optical
performance for various ICL powers and effective pupil
diameters.
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