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Objective: To evaluate the optical performance of plate-haptic rotationally asymmetric refractive multifocal 
intraocular lenses (IOLs) with + 1.5 D addition power by reproducing calcium deposition using rabbit eyes. 
Methods: Five IOLs (LS-313 MF15 [Santen/Teleon], W-60R [Santen], NS1 [KOWA], SY60WF [Alcon], and NS-
60YS [NIDEK]) with varying water content were randomly implanted in rabbit eyes. Cell proliferation in the 
lens capsule and deposits on the IOL surface were confirmed with a slit lamp. The surface deposits were 
stained with alizarin red, and IOL transmittance was measured with a spectrophotometer. IOL storage solu-
tions were analyzed using inductively coupled plasma mass spectrometry to confirm the presence of calcium. 
Results: Slit-lamp observations revealed abundant cellular proliferation on all IOLs. Granular deposits, 
unlike proliferating cells, were observed on LS-313 MF15 lenses two months after surgery, increasing over 
time, and stained red. The transmittance of LS-313 MF15 decreased in correlation with the stained area. 
Calcium was detected in all IOL storage solutions; however, deposits were confirmed only on the LS-313 
MF15 surface, indicating decreased transmittance. 
Conclusion: These findings can facilitate predicting deposition on IOLs in clinical settings and selecting IOL 
materials for long-term stability. The long-term use of LS-313 MF15 IOLs requires further verification to 
avoid post-surgical extraction.
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INTRODUCTION

Plate-haptic rotationally asymmetric refractive mul-
tifocal intraocular lenses (IOLs) with + 1.5 D addition 
power (Lentis Comfort LS-313 MF15 [Santen/Teleon]) 
are fabricated using a hydrophilic material with hy-
drophobic surface properties. Combining the + 1.5 D 
added power with a unique design reduces unpleasant 
dysphotopsia and provides good distant and intermedi-
ate visual acuity [1]. The HydroSmart IOL (Oculentis 
BV), constructed from the same material as this IOL, 
exhibits calcium deposition [2]. In recent years, calcium 
deposition has also been reported in the LS-313 MF15 
lenses [3, 4].

Calcium deposition is a process by which calcium 
ions present in the aqueous humor are deposited on 
the IOL surface as crystals of calcium phosphate. Since 
calcium phosphate blocks light transmission, calcium 
deposition is a serious complication that can lead to 
IOL removal [5-7]. Thus, considering the long-term 
stability and maintenance of the transparency of IOL 
materials, evaluating their potential susceptibility to 
calcium deposition is of great importance.

In addition to calcium deposition, glistening and 
subsurface nano-glistening reduce the transparency of 
IOL materials [8]. In recent years, new hydrophobic 
acrylic materials with a higher water content than 
conventional hydrophobic acrylic materials have been 
developed to suppress glistening, with reports indicat-

ing good results [9-13]. 
Glistening refers to bright spots caused by aqueous 

humor compounds diffusing in minute amounts into 
IOLs [14]. Increasing the water content of acrylic ma-
terials before implantation inhibits the formation of 
these bright spots. Generally, increasing the proportion 
of hydrophilic functional groups in a material increas-
es its water content.

Compared with hydrophobic functional groups, 
hydrophilic functional groups are more susceptible 
to adsorbing ionic components. Therefore, high-wa-
ter-content hydrophobic acrylic materials have an 
increased proportion of hydrophilic functional groups, 
and a large quantity of ionic compounds in the aque-
ous humor may be adsorbed more readily, leading to 
calcium deposition.

Thus, we attempted to reproduce calcium deposi-
tion in vitro on plate-haptic rotationally asymmetric 
refractive multifocal IOLs with + 1.5 D addition power 
by implanting them in rabbit eyes. As controls, new 
and conventional hydrophobic acrylic materials were 
selected, and we observed deposit formation on the 
IOL surface. Moreover, we investigated the effect of the 
deposits on the optical performance of the IOLs using 
transmittance as an index.

MATERIALS AND METHODS

Rabbit eye implantation trial
Twenty-five eyes of 13 Japanese white rabbits 
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weighing 2.1-2.6 kg were used in our experiment. 
Five IOL models with differing water contents (LS-
313 MF15 [Santen, Osaka, Japan/Teleon Surgical 
BV, Spankeren, Netherlands], W-60R [Santen, Osaka, 
Japan], NS1 [KOWA, Nagoya, Japan], SY60WF [Alcon, 
Fort Worth, TX, United States], and NS-60YS [NIDEK, 
Gamagori, Japan]) were selected [2, 15-18] (Table 1).

All lenses had a power of 20.0 D. Five lenses of 
each model were randomly implanted to minimize 
the effects of individual differences between rabbits. 
This study was approved by the Animal Experimental 
Committee of NIDEK Co., LTD. (approval number 
19C009). All procedures were conducted following 
international guidelines for the care and use of labo-
ratory animals. In accordance with the Association for 
Research in Vision and Ophthalmology guidelines, all 
implantations were performed by the same surgeon.

After achieving mydriasis with 0.5% tropicamide 
and 0.5% phenylephrine hydrochloride drops (Mydrin 
P, Santen Pharmaceutical, Osaka, Japan), the rabbits 
were placed under general anesthesia using an intra-
muscular injection of a 6:1 mixture of 5% ketamine 
(Ketalar, Daiichi Sankyo, Tokyo, Japan) and 2% 
xylazine (Selactar, Bayer Yakuhin, Osaka, Japan) (1.0 
mL/kg). Their eyeballs were washed with a 5-fold dilu-
tion of 0.2% polyvinyl alcohol and 8% iodine solution 
(PA IODO Ophthalmic and Eye washing Solution, 
Nitten Pharmaceutical, Nagoya, Japan). Subsequently, 
0.4% oxybuprocaine hydrochloride (Benoxil, Santen 
Pharmaceutica, Osaka, Japan) was used as eye drop 
anesthesia. A side port was constructed using a micro-
vitreoretinal blade, and the anterior chamber was filled 
with a high molecular-weight ophthalmic viscosurgical 
device (OVD). After continuous curvilinear capsu-
lotomy (CCC; approximately 5 mm) was performed 
using capsulorhexis forceps, a 2.4-mm incision was 
made in the cornea. Subsequently, hydro-dissection 
was performed, and the crystalline lens was removed 
by aspiration. The lens capsule and anterior chamber 
were filled with a high molecular-weight OVD, and the 
injector suggested by each manufacturer (WJ-60MII 
[Santen], YP2.2R [KOWA], AU00T0 [Alcon], and 
NSP-1 [NIDEK]) was used for IOL insertion. After 
removing the high molecular-weight OVD, the inci-
sion was sutured using 10-0 nylon, and the surgery 

was completed. Postoperatively, drops of 0.1% beta-
methasone phosphate sodium (Rinderon, Shionogi, 
Osaka, Japan), 0.3% ofloxacin (Tarivid, Santen 
Pharmaceutica, Osaka, Japan), and 0.1% nepafenac 
(Nevanac, Novartis, Tokyo, Japan) were administered 
in each eye thrice daily for three weeks.

Follow-up observations were recorded at one, two, 
and four weeks postoperatively, and every month 
thereafter, for six months, to assess cell proliferation in 
the capsule (posterior capsular opacification, PCO) and 
deposition on the IOLs using a slit lamp (SL130, Carl 
Zeiss, Oberkochen, Germany) and anterior segment 
optical coherence tomography (OCT; SS-1000 CASIA, 
TOMEY, Nagoya, Japan) after pupil dilatation with 
0.5% tropicamide and 0.5% phenylephrine hydrochlo-
ride drops (Mydrin P, Santen Pharmaceutical, Osaka, 
Japan). The experiment was concluded if severe 
inflammation was observed in the eyes; only cases that 
completed six months of observation were deemed 
successful.

Eyeball and IOL extraction
After six months of follow-up, an excess of 6.48% 

pentobarbital sodium (1 mL/kg; somnopentyl, 
Kyoritsu Seiyak, Tokyo, Japan) was injected intrave-
nously, and the eyeballs were extracted and stored on 
ice in physiological saline for observation. IOL fixation 
and cell proliferation within the lens capsule were 
examined via the Miyake–Apple view. The IOLs were 
extracted from the lens capsule under a microscope 
and washed in physiological saline using an ultrasonic 
washer for 15 min to remove the cells that had prolif-
erated on the surface [19].

Evaluation of extracted IOLs 
The excised IOLs were stored in 0.9% saline (Otsuka 

Normal Saline, Otsuka Pharmaceutica, Tokyo, Japan) 
at 4°C until evaluation.

Alizarin red staining
An alizarin red S staining solution (1%) was pre-

pared by titrating 1 g alizarin red S (FUJIFILM Wako 
Pure Chemical Corporation, Osaka, Japan) dissolved 
in 100 mL ultrapure water with an aqueous solution of 
ammonia (0.1 mL of 28% aqueous ammonia and 100 

Table 1	 Properties of implanted lenses 

Manufacturer Teleon/Santen Santen KOWA Alcon NIDEK
Product name Lentis comfort Eternity Avansee Clareon Nex-Acri AA 1P
Model name LS-313 MF15 W-60R NS1 SY60WF NS-60YS

Hydrophobicity/
Hydrophilicity Hydrophilic Hydrophobic Hydrophobic Hydrophobic Hydrophobic

Material
Hydrophilic acrylic 

material with a 
hydrophobic surface

Copolymer of 
hydroxyethyl meth-

acrylate, polyethylene 
glycol phenyl ether 

acrylate, and styrene 
crosslinked with 
ethylene glycol 
dimethacrylate

Copolymer of phe-
noxy-ethyl-acrylate 
and ethyl-acrylate

Hydrophobic acrylic 
polymer

Copolymer of butyl 
acrylate and phe-

noxy-ethyl-acrylate

Water content (%) 25 4 < 2.0 1.5 < 0.1
Glass transition 
temperature (°C) NA NA 15 9.10 ± 0.27 3.6

Refractive index 1.46 1.54 1.519 1.55 1.52
NA: data not available in the literature or on request from the manufacturer.
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mL water) to achieve a pH of 4.1-6.4. Extracted IOLs 
were washed with physiological saline, subjected to 
ultrasound waves for 15 min [19], washed with ultra-
pure water, and stained by immersion in the alizarin 
red S staining solution for 2 min. Stained IOLs were 
washed with ultrapure water four times for 30 s each 
and observed under a stereomicroscope (SMZ1500, 
Nikon, Tokyo, Japan). Using ImageJ (Ver1.52v, US 
National Institutes of Health, Bethesda, Maryland, 
United States), the percentage of red-stained area for 
each lens was calculated, and the mean values were 
compared. The correlation between the dyed area ratio 
and the water content of the material was evaluated by 
regression analysis. The water content of the material 
used was adopted from previously reported values or 
according to the manufacturer’s nominal value (Table 
1).

Quantitative estimation of calcium 
The extracted IOLs were stored in physiological 

saline. The calcium present in these storage solutions 
was quantified using inductively coupled plasma mass 
spectrometry (ICP-MS) (8800, Agilent Technologies, 
Palo Alto, California, United States).

Measurement of transmittance 
Spectral transmittance of the extracted IOLs was 

measured using a spectrophotometer (UV-2600, 
SHIMADZU CORPORATION, Kyoko, Japan). The 
measured wavelengths ranged from 300-800 nm, 
and the transmittance values were compared against 
those obtained from non-implanted IOLs of the same 
type. The decrease in transmittance at wavelengths of 
500 and 800 nm (transmittance of the extracted IOL-
transmittance of the non-implanted IOL)/transmit-
tance of the non-implanted IOL) was calculated, and 
the correlation between the area stained with alizarin 
red and the decrease in transmittance was evaluated 
using regression analysis.

RESULTS

Follow-up observations (initially after surgery–five 
months post-surgery)

Each of the five types of IOLs, namely, LS-313 
MF15, W-60R, NS1, SY60WF, and NS-60YS, were 
randomly implanted binocularly in 25 rabbit eyes 
successfully, without any complications. At the end of 
the surgery, the CCC opening was covered 360° by the 
optical portion of each IOL.

Mild PCO was observed in the remaining cortex of 
the lens capsule one week postoperatively. The CCC 

opening was observed outside the optical portion of 
the IOL in all cases. PCO was least apparent in the 
eyes with LS-313 MF15 lenses. Although the degree 
of PCO in W-60R, NS1, SY60WF, and NS-60YS was 
slightly higher than that in LS-313 MF15, there was no 
difference in the PCO between these lenses.

At one-month post-surgery, PCO had further 
increased in all cases; at two months, cells had prolif-
erated onto the anterior surface of the IOL, the incised 
area in the anterior capsule, and within the anterior 
chamber. White granular deposits that differed from 
the proliferating cells were observed on the LS-313 
MF15 lenses beginning at two months postoperatively; 
the number of deposits increased over time.

Cells that proliferated in front of the IOL were in 
contact with the iris and cornea. Iris hyperemia, ede-
ma, and corneal cloudiness were confirmed, and these 
symptoms gradually worsened. When recovery was 
judged unlikely, the cases were considered complete at 
four and five months postoperatively. Cases completing 
six months of postoperative evaluation were eligible for 
analysis (LS-313 MF15 [n = 4], W-60R [n = 3], NS1 [n 
= 2]), SY60WF [n = 3], and NS-60YS [n = 2]; Table 2).

Pre-extraction evaluation
Slit lamp images taken before ocular extraction 

(six months postoperatively) revealed abundant cel-
lular proliferation inside the lens capsule of all IOL-
implanted eyes. In addition, varying degrees of iris 
hyperemia, corneal opacity, and angiogenesis, possibly 
due to the force exerted by the proliferating cells on 
the peripheral tissues, were observed in all eyes (Fig. 1, 
upper images). Anterior segment OCT revealed a thick 
cellular layer in contact with the iris surface anterior 
and posterior of the IOL in the lens capsule (Fig. 1, 
middle images). Miyake–Apple view images revealed 
that the haptics of all IOLs were fixed to the equator 
of the lens capsule. In all IOL-implanted eyes, ram-
pant cellular proliferation and fibrin adhesion were 
observed inside the lens capsule. Compared with the 
W-60R, NS1, SY60WF, and NS-60YS lenses, slightly 
less cellular proliferation occurred with LS-313 MF15 
lenses. Moreover, no significant differences in cellular 
proliferation were observed among W-60R, NS1, 
SY60WF, and NS-60YS IOLs (Fig. 1, lower images).

In addition, granular deposits with a morphology 
distinctly different from that of proliferating cells were 
observed on the anterior surface of the LS-313 MF15 
IOL (Fig. 2). There were no granular deposits on the 
W-60R, NS1, SY60WF, and NS-60YS IOLs.

Table 2	 Number of implanted lenses of each type and the observation period in each rabbit

Model

At implantation Follow-up observation

Number of lenses
4 months post-op-
eration (number 
of lenses)

5 months post-op-
eration (number 
of lenses)

Successful cases: 6 
months post-oper-
ation (number of 
lenses)

LS-313 MF15 5 1 0 4
W-60R 5 0 2 3
NS1 5 2 1 2
SY60WF 5 2 0 3
NS-60YS 5 2 1 2
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Fig. 1	 Representative examples of each lens type six months postoperatively
	 Upper: slit lamp images, middle: anterior segment optical coherence tomography, lower: Miyake–Apple view. 

Rampant cellular proliferation was observed inside the lens capsule for all lens types

Fig. 2	 Slit lamp images of the LS-313 MF15 lens six months postoperatively
	 Granular deposits were only observed on the LS-313 MF15 lens

Fig. 3	 Extracted intraocular lenses (IOLs) stained with alizarin red and observed with a stereoscopic microscope
	 The top images were taken at 10×magnification, and the bottom images at 100× . The LS-313 MF15 IOLs were 

stained red all over, with the stains taking a granular appearance, confirming the presence of calcium deposits. 
Other IOLs also exhibited red stains, whose morphology differed from that of those observed on the LS-313 MF15 
IOLs
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Evaluation of extracted IOLs 
Many cells adhering to the IOLs were extracted 

from the lens capsule; most cells were removed by 
ultrasonic washing. The washing time was set at 15 
minutes to prevent deposits on the IOL surface from 
washing away [19].

After washing, the IOLs were stained with alizarin 
red. The entire LS-313 MF15 IOL surface was stained 
red, and the locations and morphology matched those 
of the granular deposits observed using the slit lamp.

Red-stained sites were also identified on the surface 
of the W-60R, NS1, SY60WF, and NS-60YS IOLs. 
However, their morphology differed from that of the 
granular deposits observed on the LS-313 MF15 lenses 
(Fig. 3).

The proportion of red-stained areas with LS-313 
MF15, W-60R, NS1, SY60WF, and NS-60YS IOLs 
were 11.9 ±  13.1, 8.4 ±  11.0, 3.6 ±  3.3, 6.4 ±  3.2, 

and 5.7 ±  7.9%, respectively. A correlation (correlation 
coefficient = 0.87) was found between the water con-
tent of the material and the dyed area (Fig. 4).

ICP-MS analysis of the storage solution confirmed 
the presence of calcium during the storage of all IOLs. 
The amounts of calcium detected in the solutions 
for LS-313 MF15, W-60R, NS1, SY60WF, and NS-
60YS were 3.9 ±  2.8, 1.2 ±  1.2, 2.7 ±  0.2, 3.1 ±  1.7, 
and 1.3 ±  0.8 μg/g, respectively. Thus, the highest 
amount of calcium was detected in the LS-313 MF15 
lens solution (Fig. 5). Furthermore, the transmittance 
of the extracted lens was measured (Fig. 6), and the 
rate of decrease in the transmittance of each lens at 
500 and 800 nm was calculated (Table 3). The LS-
313 MF15 lenses exhibited the highest rate of decrease 
in transmittance at the 500- and 800-nm wavelengths. 
The lenses were then divided into two groups: the LS 
group, comprising the LS-313 MF15 lenses in which 

Fig. 4	 Regression line between the water content of each 
intraocular lens material and the area stained by 
alizarin red

	 The horizontal axis shows the water content of 
the material, and the vertical axis shows the area 
stained by alizarin red. A positive correlation was 
confirmed between the material and the water con-
tent. (Correlation coefficient = 0.87)

Fig. 5	 Amount of calcium detected in the storage solution 
of each intraocular lens (IOL)

	 All IOLs were stored in physiological saline. The 
amount of calcium extracted from each storage 
solution was quantified using inductively coupled 
plasma mass spectrometry. The highest amount 
of calcium was detected in the LS-313 MF15 lens 
storage solution.

Fig. 6	 Spectral transmission curve of each intraocular lens (IOL)
	 The transmittance of non-implanted and excised IOLs at wavelengths of 300-800 nm is shown. 

Green: Transmittance of non-implanted IOLs. Others: Transmittance of extracted IOLs
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granular deposits were observed, and the other group 
(OTH group), comprising W-60R, NS1, SY60WF, 
and NS-60YS lenses, in which no granular deposits 
were observed. A regression analysis was performed 
based on the correlation between the area stained with 
alizarin red and the decrease in transmittance (Fig. 7). 
However, one of the SY60WF lenses had cells attached 
to the center of the optical part. This was excluded 
from the subjects because it was a clear cause of a de-
crease in transmittance. The decrease in transmittance 
at 500 nm was affected by the staining of alizarin red. 
There was a negative correlation between the stained 
area and the decrease in transmittance. The correlation 
coefficients were -0.98 and -0.96 for the LS and 
OTH groups, respectively. Adhesion to the IOL surface 
resulted in a decrease in the transmittance of the IOL, 
but the slope of the regression line differed between 
the LS group and the OTH group. Thus, it was con-
firmed that the transmittance decreased because of dif-
ferent factors. Furthermore, even at 800 nm, at which 
IOLs are not easily affected by the staining of alizarin 
red, LS-313 MF15 lenses had the lowest transmittance. 
Therefore, it was confirmed that the deposits on the 
surface contributed to the decrease in transmittance.

DISCUSSION

Calcium deposition is characterized by calcium 
phosphate crystals (hydroxyapatite) adhering to the 
surface of IOLs, causing IOL opacification. It is a seri-
ous complication that can occur after cataract surgery, 
causing glare and visual loss and eventually neces-
sitating the removal and replacement of IOLs [20-
23]. Several reports of IOL extraction due to calcium 
deposition exist, but none have explored the underly-
ing mechanisms in detail. Investigating the principles 
behind calcium deposition and its elimination to avoid 
IOL extraction are exceedingly important issues in the 
development of novel IOL materials.

Previously, opacification observed in the Hydroview 
H60M lens (Bausch & Lomb), a hydrophilic acrylic 
IOL, was explained by the adhesion of low molecu-
lar-weight silicone sloughed off from the silicone gasket 
inside the lens case onto the optical surface of the IOL. 
Long-chain fatty acids within the eye formed calcium 
and phosphorus deposits upon binding to the low 
molecular-weight silicone. No clinical reports regarding 
calcium deposits on Hydroview H60M IOLs have been 
reported after the gasket was changed from silicone to 
perfluoroelastomer [24]. Furthermore, in 2014, due to 

Table 3	 Decrease in transmittance at each wavelength

Model 800 nm 500 nm
LS-313 MF15 -6.3 ± 0.8 -13.5 ± 2.7
W-60R -1.7 ± 2.4 -3.8 ± 4.9
NS1 -0.9 ± 0.6 -1.8 ± 0.7
SY60WF -0.9 ± 0.2 -2.4 ± 1.2
NS-60YS -2.9 ± 2.1 -4.2 ± 4.0

For the transmittance of the extracted intraocular lens (IOL), the fraction of decrease in the trans-
mittance at wavelengths of 500 and 800 nm was calculated as follows: (transmittance of extracted 
IOL - transmittance of non-implanted IOL)/transmittance of non-implanted IOL). The LS-313 
MF15 lenses exhibited the highest rate of decrease in transmittance at both wavelengths.

Fig. 7	 Regression line between the decrease in 500-nm transmittance for extracted IOLs and 
stained area

	 The horizontal axis shows the area of alizarin red staining, and the vertical axis shows 
the percent reduction in transmittance at 500 nm (implanted IOL-non-embedded IOL/
non-implanted IOL). Blue: LS group: LS-313 MF15. Green: OTH group: W-60R, NS1, 
SY60WF, and NS-60YS. The correlation coefficient was -0.98 for the LS group and 
-0.96 for the OTH group, indicating a high negative correlation. However, the regression 
coefficients were -0.0021 for the LS group and -0.0044 for the OTH group, indicating 
different tendencies between the two. IOL, intraocular lens; LS group, LS-313 MF15 
lenses in which granular deposits were observed; OTH group, other lenses (W-60R, NS1, 
SY60WF, and NS-60YS) in which no granular deposits were observed
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opacification caused by calcium deposition, Oculentis 
Corp. initiated a recall of HydroSmart IOLs packaged 
in glass vials due to the interaction between phosphate 
crystals used for hydrating the material during the 
manufacturing process and silicone residues present 
in a particular batch. Upon changing the packaging 
to blister packaging, no calcium deposits occurred 
[25]. These reports suggest that the clinically observed 
calcium deposition was not caused by IOL materials, 
but rather by the residual material in the storage con-
tainer or from the manufacturing process. However, 
there have been several reports on calcium deposition 
on IOLs manufactured by Oculentis [26, 27]. Calcium 
deposition was also reported in the LS-313 MF15 lens 
used in this experiment [3, 4]. Calcium deposition oc-
curs in hydrophilic IOLs. Thus, materials with a large 
proportion of hydrophilic components contain factors 
prone to calcium deposition.

New hydrophobic acrylic IOLs with water content 
higher than that in conventional hydrophobic acrylic 
IOLs were developed recently to reduce glistening, with 
in vitro studies and clinical reports indicating good 
results [9-13]. These IOLs have higher water content 
than conventional hydrophobic acrylic IOLs due to a 
higher proportion of hydrophilic components, enabling 
the IOLs to absorb ions from the aqueous humor, 
which may eventually lead to calcium deposition on 
the IOL surface.

Five types of IOLs comprising hydrophilic, new, 
and conventional hydrophobic materials were selected 
for this study (Table 1). The LS-313 MF15 lens is a 
refraction-type rotationally asymmetric + 1.5 D-added 
multifocal IOL that provides good intermediate and 
distance vision [1]. However, a previous study reported 
calcium deposition in HydroSmart, a hydrophilic 
material with a hydrophobic surface comprising hy-
droxyethyl methacrylate (2-HEMA) and 2-ethoxyethyl 
methacrylate with 25% water content (the same materi-
al as used in LS-313 MF15 lenses) [2, 28].

W-60R, NS1, and SY60WF lenses were selected as 
new hydrophobic materials. Although the water content 
of conventional hydrophobic materials is less than 0.4%, 
materials with higher water content (approximately 
1-4% water content) were defined as new hydrophobic 
materials in this study. The W-60R lens, developed by 
Advanced Vision Science/Santen using a hydrophobic 
material, has 4% water content and is stored in 0.9% 
physiological saline [17]. The NS1 lens has a 2% water 
content (higher than that of typical hydrophobic ma-
terials), exhibiting excellent glistening resistance [16]; 
it is stored in a sealed pouch. The SY60WF lens has 
higher (1.5%) water content than the conventional sin-
gle-piece AcrySof SN60WF (0.4%; Alcon Laboratories, 
Inc). Furthermore, it has better glistening resistance 
and long-term stability [9, 29]. The NS-60YS lens was 
selected as the conventional hydrophobic material, as 
it has less than 0.1% water content and excellent long-
term stability [16]. These IOL materials with different 
properties were implanted in rabbit eyes to evaluate 
the effects of calcium deposition on the optical perfor-
mance and long-term stability of the materials.

PCO
PCO and migration of residual epithelial cells 

outside the lens capsule were confirmed in all lenses 

in the early postoperative period. Evaluations of PCO 
in rabbit eyes have been reported previously, but only 
for observation periods of 1-4 weeks [9, 30]. The lens 
epithelial cells have a high ability to regenerate in the 
lens capsule of rabbits; in this observation, the IOL 
could be maintained in an appropriate state in the 
lens capsule of rabbits for approximately one month. 
Subsequently, IOL tilt and anterior chamber collapse 
due to cell proliferation were confirmed. According 
to Buchen et al. [31], an implantation period of 10 
months or more is required to confirm calcium depo-
sition on the hydrophilic IOL in the rabbit model. In 
this study, IOLs were maintained in vivo for as long 
as possible; however, keratitis and iritis due to rampant 
PCO were observed. Therefore, an observation period 
of six months was selected.

At the six-month postoperative follow-up, a large 
number of cells proliferated in the lens capsule in each 
lens. The contact between the proliferated cells and 
the tissue caused hyperemia of the iris and clouding 
of the cornea. All lenses had severe PCO, but cell 
proliferation on the LS-313 MF15 lens was slightly less 
than that of other lenses. No difference was observed 
between the W-60R, NS1, SY60WF, and NS-60YS 
lenses in terms of cell proliferation, possibly due to 
the shape of the haptics of each lens: plate haptics for 
LS-313 MF15 and C-loop haptics for W-60R, NS1, 
SY60WF, and NS-60YS. Severe PCO was not observed 
in rabbit eyes when these IOLs were used clinically. 
We employed a surgical method identical to that used 
in human eyes. We performed a CCC (approximately 
5 mm), with the opening completely covered by the 
optical portion of the IOL toward the end of surgery. 
Nevertheless, the CCC opening could be seen outside 
the IOL optical portion one week later. Considering 
the elasticity and cell proliferation ability of the rabbit 
capsule, it is desirable to set the CCC to approximately 
3-4 mm for IOL implantation. According to Bontu et 
al. [30], the PCO observed in rabbit eyes six to eight 
weeks after implantation was roughly equivalent to 
that observed after two years in human eyes. For PCO 
evaluation, the procedure and observation period must 
be reconsidered.

Calcification
Granular deposits were confirmed on the IOL 

surface only in LS-313 MF15 lenses two months post-
operatively. The morphology of the deposits differed 
from that of proliferating cells. Granular deposits were 
stained with alizarin red.

Gurabardhi et al. [32] examined alizarin red-stained 
IOLs extracted owing to calcium deposition using an 
optical microscope. The morphology of the calcium de-
posits was exceedingly similar to that identified in our 
study. Miyata et al. [33] reported that clinical calcium 
deposition does not occur on all implanted IOLs and 
that it tends to occur in patients with diabetes or renal 
dysfunction. The instructions for the LS-313 MF15 
lens [34] state that cases involving diabetes, glaucoma, 
thrombolytic drug use, vitrectomy, and tamponade 
treatment should be carefully considered due to the 
likelihood of post-surgical calcium deposition. Kim 
and Choi [35] investigated calcium and phosphate 
concentrations in the aqueous humor and serum of 
cataract surgery patients, and phosphate concentra-
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tions were higher in patients with diabetes, particularly 
among those with proliferative diabetic retinopathy. 
Furthermore, in the case of glaucoma or vitreous 
surgery, the protein concentration and components in 
the aqueous humor differed from those in the case of 
cataract surgery alone, and they may induce clinical 
calcium deposition. As a preliminary experiment, we 
attempted to immerse the IOL material in a saturated 
calcium phosphate solution. However, we could not re-
produce the calcium deposition seen clinically. Calcium 
deposition on the IOL surface requires the interaction 
of various factors, such as inflammation in vivo, not 
just the contact of the material with phosphorus or 
calcium. The ability of the lens epithelial cells to regen-
erate was very high, and IOL tilt and anterior chamber 
collapse caused by proliferating cells were confirmed. 
In addition, it is presumed that iris hyperemia and 
corneal opacity associated with increased intraocular 
pressure occurred due to the pressure on the tissue 
by the proliferating cells. Under such conditions, the 
components and concentrations in the aqueous humor 
of the rabbit are presumed to be different from those 
in normal conditions, and it is presumed that the envi-
ronment was prone to calcium deposition.

In ICP-MS, calcium was detected in the storage 
solution of all lenses. However, deposits were observed 
only in LS-313 MF15 IOLs. Therefore, calcium is 
adsorbed in all lenses. However, deposits that can be 
visually recognized are formed only on LS-313 MF15 
lenses. It was also confirmed that these deposits reduce 
the transmittance of the IOL. Thus, the granular depo-
sition we observed was indeed calcium and we were 
able to reproduce the clinically reported phenomenon 
of calcium deposition. The granular deposition was 
observed only on the surface of LS-313 MF15 lenses. 
Although this occurred under specific conditions, this 
finding suggests that the risk of calcium deposition 
cannot be completely avoided simply by changing the 
IOL shape or manufacturing process. HEMA is prone 
to calcium deposition [2], and it is presumed that an 
underlying factor for calcium deposition is present 
in the material itself. As stated in the instructions for 
use, the application of LS-313 MF15 should be care-
fully examined for the risk of calcium deposition in 
specific cases. In contrast, the stained area of alizarin 
red tended to increase due to the water content on the 
surface of the new hydrophobic material, but no gran-
ular deposition was confirmed. The introduction of a 
hydrophilic functional group was expected to impart 
the properties of a hydrophilic material. However, in 
this experiment, as with the conventional hydrophobic 
materials, no calcium deposition was observed. Thus, 
the introduction of hydrophilic functional groups does 
not necessarily cause calcium deposition, and it was 
experimentally proven that the new hydrophobic mate-
rial has the same low risk of calcium deposition as the 
conventional hydrophobic material in clinical practice. 
However, there is a possibility that the water content 
has a threshold value between 4% and 25%. From the 
above discussion, we believe that this study provides a 
useful method to evaluate the potential risk of calcium 
deposition inherent to the material.

In conclusion, we attempted to reproduce the clin-
ically reported calcium deposition on the surface of 
plate-haptic rotationally asymmetric refractive multi-

focal IOLs with + 1.5 D addition power using rabbit 
eyes. Granular deposits with a structure similar to that 
of clinically observed calcium deposits were observed 
on the surface of LS-313 MF15 IOLs and stained 
using alizarin red. The granular deposits caused a de-
crease in transmittance. Although calcium was detected 
in all five IOLs with varying water content, granular 
deposits only appeared on the surface of LS-313 MF15 
lenses. While rabbit eye results do not always match 
clinical results, we believe our findings can help in 
the prediction of calcium deposition on various IOL 
surfaces in clinical settings and reduce the risk of IOL 
removal.
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