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Purrose. To investigate the impact of the size and location of waterclefts (WC), which
are one of several cataract subtypes, on visual function by optical simulation analysis.

MerHops. An optical simulation software (CODE V) was used to develop a schematic
eye model and several sizes of WC central and peripheral types that were located below
the anterior and posterior subcapsules of the crystalline lens, and analyses of refrac-
tion, higher-order aberrations (HOA), and the modulation transfer function (MTF) were
performed.

ResuLts. An increase in the WC size increased the refraction and HOA and decreased
the MTF. The impact of the WC below the posterior subcapsule on the visual function
was more enhanced than that below the anterior subcapsule. Large WC demonstrated a
remarkable hyperopic shift in refractive power as well as an increase in HOA. The MTF
decreased slightly with increasing WC size at a spatial frequency of 20 cycles/mm, and
it decreased remarkably at 60 cycles/mm.

Concrusions. The impact on the visual function increased with increasing WC size. It was
revealed that eyes with WC below the posterior subcapsule are more hyperopic than
those with WC below the anterior subcapsule, and the former have a higher HOA and
lower MTF than the latter.

Keywords: waterclefts, visual function, refraction, higher-order aberration, modulation

transfer function

A study on the global burden of diseases! reported that
cataract was the leading cause of blindness in 2020; a
total of 15.2 million cataract patients aged 50 and above
accounted for 45.2% of the blind patients. Owing to an
increase in life expectancy and a decrease in the birth rate,
the global population is rapidly aging. The number of people
aged 65 and above is estimated to become more than 1.5
billion in 2050, which is twice the current number.? Aging
is likely to increase the number of cataract patients in the
future.

Three main types of cataracts, namely, cortical, nuclear,
and posterior subcapsular cataracts, are globally recognized
and diagnosed clinically. This study focuses on a subtype
of cataracts, called waterclefts (WC), which typically occur
in the anterior superficial cortical zone or in both ante-
rior/posterior cortices (52% and 47%, respectively).> They
are also found in the posterior cortical zone, but are smaller
and are found less frequently than those found in the ante-
rior cortical zone. Sutural cataracts, similar to WC, are opac-
ities that occur in the Y-suture in the nucleus or cortex
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of the lens. In contrast, WC are caused by the separa-
tion of the lens cortex along Y-sutures in the superficial
layers of the crystalline lens; this phenomenon is some-
times called lamella separation. Their subsequent formation
as an axial type of cortical cataracts may be called sutu-
ral cataracts in the broad sense. WC have a prevalence of
4.7% to 41.4% depending on age, race, climate, and cataract
classification (Table 1). Patients with WC exhibit a reduc-
tion in their visual function clinically, such as hyperopia
owing to a reduction in the refractive power of the crystalline
lens and a significantly greater total higher-order aberration
(HOA) than those whose eyes have transparent lenses (Table
2).5° We have previously studied the influence of subsurface
nano-glistening on visual function in eyes through optical
simulations utilizing an acrylic intraocular lens’; however,
no study has analyzed WC while differentiating between the
anterior and posterior subcapsules in optical simulations.
Artal et al® reviewed the publications on the optics of the
human eye and schematic eye models that have contributed
to the research on the visual function of the human eye since
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Year of Cataract Prevalence of WC
Author Report Eye Study Subjects Classification (95% CI)
Brown N.A.P.28 1989 - 20 patients (M: 8, F: 12, CCRUO 17%
mean age 75.5 y)
Deane J.S.%? 1997 Melton Eye Study 1090 eyes of 560 subjects OCCCGS 17% (14-21)
(M: 265, F: 295, 55-74 y)
Frost N.A.30 2002 Somerset and Avon From 902 subjects (M: 431, OCCCGS 23.7%
Eye Study F: 471, mean 68 (55-95)
y), 1473 eyes of 839
subjects were analyzed
QuJ3! 2005 Monzen Eye Study 442 eyes of 225 subjects Existence or 41.4%
(M: 101, F: 124, mean absence
67.8 £7.0(55-85) y)
Miyashita H.10 2019 - 1801 subjects (M: 700, F: KMUCCGS Sanya = 4.7% (2.7-6.6)

1101) of > 40 y

Taiyuan = 7.2%
(5.2-9.2)
Taichung = 11.9%
(9.5-14.3)

95% CI: 95% confidence interval; M: male; F: female; CCRUO: Clinical Cataract Research Unit at Oxford; OCCCGS: Oxford Clinical Cataract
Classification and Grading System; KMUCCGS: Kanazawa Medical University Cataract Classification and Grading System.

TasLe 2. Reports on the Visual Functions of Eyes With WC in Comparison With Those of the Control

Significant Parameters in

Year of Cataract Visual Function Compared

Author Report Eye Study Subjects Classification With Control (P < 0.05)
QuJ’ 2010 Reykjavik Eye 30 WC eyes (M: 13, F: 17,  Existence or absence CDVA, total RMS; HOAs, trefoil,

Study 72.1 £ 45y), internal eye RMS; HOAs, coma,

trefoil
194 control eyes (M: 97,
F: 97,66.8 £ 4.5y)

Tanimura N.° 2019 Monzen Eye 70 WC eyes (mean 68.1 KMUCCGS CDVA, 100% and 25% CVA,

Study and + 6.9 y); 27 WC-1 Straylight, cylinder, LP

KMUH eyes, 20 WC-2 eyes, 23

WC-3 eyes

77 control eyes (mean

66.7 £5.0y)

M: male; F: female; y: years; CDVA: corrected distance visual acuity; RMS: root mean square; KMUH: Kanazawa Medical University Hospital;
WC-1, 2, and 3: parameters of WC types (see’); KMUCCGS: Kanazawa Medical University Cataract Classification and Grading System; CVA:

contrast visual acuity; LP: lens power.

the time of Galileo, such as Young (1801), Moser (1844), List-
ing (1851), Helmholtz (1855), Tscherning (1900), Gullstrand
(1909), Emsley (1952), Smirnov (1961), Hage-Berny (1973),
Millodot-Sivak (1979), Le Grand (1980), Kooijman (1983),
Navarro (1985), and Liou and Brennan (1997). Although it is
challenging to accurately predict the visual function of eyes
with cataracts via optical simulations, it is essential to use the
aforementioned eye model for a more accurate evaluation of
the visual function. Because the refractive index distribution
in the lens varies depending on aging and opacity type, it
is difficult to create an accurate eye model; however, WC is
space created by cleavage of the Y-suture, its internal struc-
ture is filled with liquid components, and the refractive index
is close to that of the anterior chamber.®? Thus, compared
with other opacity types, the use of optical simulation can
enable accurate prediction of the visual function of eyes
with WC.

This study investigated the refraction, HOA, and modu-
lation transfer function (MTF) in eyes with WC through an
optical simulation analysis after locating various sizes of WC

below the anterior and posterior subcapsules of the crys-
talline lens.

METHODS
Typical Types and Locations of WC

Figure 1 shows the typical types and locations of WC in
crystalline lenses. The case images of WC were obtained
from Monzen Eye Study, a longitudinal epidemiological
survey (2013-2016) involving general residents in Monzen-
machi, Ishikawa Prefecture, Japan, and from the eyes of
patients with WC at the Kanazawa Medical University Hospi-
tal (2013-2017).° They were classified according to the
Kanazawa Medical University Cataract Classification and
Grading System,!® by slit-lamp microscopy with maximum
pupil dilatation and the lens images acquired by an ante-
rior eye segment analysis system (EAS-1000, NIDEK Co.,
Ltd., Tokyo, Japan) and anterior segment optical coherence
tomography (CASIA2, Tomey Corporation, Aichi, Japan).
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Anterior side Posterior side

‘ Central type

| ‘ Central + peripheral type | ‘

Central type |

Retro-illumination
images

Slit images

Ficure 1. Typical types and locations of WC. Cases images of central or central + peripheral types on anterior side and central type on
posterior side were obtained from 54-year female, 65-year female, and 54-year female, respectively.

The study was approved by the Institutional Review Board
of Kanazawa Medical University (protocol number 1375)
and was conducted in accordance with the provisions of
the Declaration of Helsinki. Informed written consent was
obtained from all participants.

Optical Design Software for Analysis

CODE V (Synopsys Inc., Mountain View, CA), a commer-
cial optical design software, was used to perform the opti-
cal simulations. Reliable imaging optics were designed, opti-
mized, and fabricated using this software. A previous report

TaBLe 3. Structural Parameters of the Schematic Eye Models

on MTF measuring instruments has established the accuracy
of CODE V, which stated that the deviations between actual
measurements and CODE V predictions are within +4%.!!

Schematic Eye Model

A schematic eye model modified by Navarro'®!? and Liou
and Brennan'* was used to evaluate the visual function in
eyes with WC in this study. The structural parameters of
the schematic eye model used in the current study and the
ones adopted by Navarro and by Liou and Brennan are listed
in Table 3.

Schematic Eye Model Liou and
in This Study Navarro et al.'?13 Brennan!#4
Radius of curvature (mm)
Cornea Anterior 7.72 7.72 7.77
Posterior 6.50 6.50 6.40
Lens Anterior 10.2 10.2
Posterior -6.0 -6.0
Asphericity
Cornea Anterior -0.18 —0.26 -0.18
Posterior —0.60 0 —-0.60
Thickness (mm)
Cornea 0.55 0.55 0.50
Lens 4.0 4.0 4.02
Refractive index
Cornea 1.376 1.367 1.376
Aqueous 1.337 1.3374 1.336
Lens 1.42 1.42 -
Vitreous 1.336 1.336 1.336

The bold values represent the schematic eye model used in this study.
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Ficure 2. WC shape definition created by CODE V macro. (A) X-Y plan view of WC (nz = 3), (B) Y-Z plan view of WC (n =1, y = 0),

(O) spherical surface, and (D) conical surface.

CODE V Macro Creation to Model WC in the
Specified Lens

We created the macro that models the shape shown
in Figures 2A and 2B as nonsequential surfaces in the speci-
fied lens model. Various types and sizes of WC can be created
by specifying the parameters shown below.

Cone A: Cones with vertices facing the outside of the lens

Cone B: Cones with vertices facing the inside of the lens

d1, d2, d3: Distance from the center of the sphere to the
apex of Cone B

h: Radius of the base of Cone B

11, 12, 13: Distance from the center of the sphere to the
apex of Cone A

n: Number of the conical central axis

r: Radius of the central sphere

z: Distance from the surface apex on the front of the lens
to the center of the sphere

y1: Rotation angle from the y-axis of the lens coordinate
system to the central axis of the first cone

y2, y3: Rotation angle between the central axes of adja-
cent cones

01, 62, 63: Apex angle of Cone A

ol, 92, 3: Apex angle of Cone B

Formula of the WC Spherical Surface

To simulate the spherical surface of WC (Fig. 2C), the follow-
ing formula was used. Because the formula defines a hemi-

sphere, the sphere is composed of two surfaces.

cr?

14+ V1—c2r?’

7z =

where:
z: Sag of the surface parallel to the z-axis
c: Curvature at the pole of the surface

1
radius of curvaturex’

where:

*Radius of curvature is specified by the radius of the
central sphere.

r: Radial distance from the z-axis.

Formula of the WC Conical Surface

The following formula was used to simulate the conical
surface of WC (Fig. 2D).

cr?

1+/1T- A+ R &2

zZ =

where:
z: Sag of the surface parallel to the z-axis
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Ficure 3. WC central types created using CODE V. (A) Schematic of the WC shape, (B) WC shape setting of the center sphere and cone,
(C) WC central types, (D) WC central or central + peripheral types. A: anterior; P: posterior; §: The large size on the posterior side displayed

an error upon the execution of CODE V.

c: Curvature at the pole of the surface, which is used as
a fixed value

¢ =10°,

where:
r: Radial distance from the z-axis
k: Conic constant

k = —(1+tan’),

where:
0: Apex angle (half angle) of the cone

Simulation Values Analyzed Using CODE V

The ocular refractive power, ocular total HOA, ocular spher-
ical aberration, and MTF (spatial frequency: 20, 60, 100, and
200 cycles/mm) of several types of WC were analyzed using
CODE V. The refractive power and MTF were analyzed using
a 3.0-mm diameter pupil in the simulation, which is equal
to the value assumed for daily vision. Similarly, HOA was
analyzed using a 6.0-mm diameter pupil, which is usually
measured under mydriasis clinically. The wavelength of the
light ray was 587.56 nm.

First Simulation: Shape Setting of the WC Central
Types

The schematics of WC shapes for the first simulation were
developed from a retroillumination image of WC. The angles
of the three cones extending from the central sphere that

were used to create the schematics were 90°, 135°, and 135°
(Fig. 3A); the first angle (90°) corresponds with twice y1
in Figure 2, whereas the other two angles (135°) are y2 and
y 3. The radius of the central sphere was 0.3 mm, the distance
between the center of the sphere and the apex of the cone
was “I,” the apex angle of the cone was “6,” and the WC
material was set as water (Fig. 3B).

Four sizes of WC samples were generated during the first
simulation, including a Y-shaped WC 0.5 mm below the ante-
rior subcapsule and an inverted Y-shaped WC 0.5 mm below
the posterior subcapsule (Fig. 3C), because Y-sutures are
observed inversely in the anterior and posterior subcapsules
of the actual human crystalline lens.!® / and 6 were set as
(0.7 mm and 10°) or (1.0 mm and 15°), to eliminate simu-
lation errors in the WC generation program, which occur if
the bottoms of adjacent cones overlap or the WC pop out of
the crystalline lens. The simulation excluding the WC shape
was defined as the control.

Second Simulation: Shape Settings of the WC
Central or Central + Peripheral Types

Three sizes of the WC central or central and peripheral types
were generated during the second simulation, including a Y-
shaped WC 0.5 mm below the anterior subcapsule and an
inverted Y-shaped WC 0.5 mm below the posterior subcap-
sule (Fig. 3D).

WC central types (A4, P4) with 1.0 mm () and
15° (0) were defined as small. The WC peripheral type with
a medium size (A5, P5) extended to the apices of the three
cones of the small type. The number of cones in the large
size variant (A6, P6) was doubled to six to assess the effect
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types on the (D) anterior and (E) posterior sides. D: diopter; A: anterior; P: posterior; C: control; ¢/mm: cycles/mm.

of the number of cones. The radius of the central sphere was
set to 0.5 mm to eliminate simulation errors if the bottoms
of adjacent cones overlap. However, an error prevented the
analysis of the posterior side (P6), indicating that the WC
could protrude from the posterior subcapsule because the
curvature of the posterior subcapsule was steeper than that
of the anterior subcapsule.

REsuULTS

First Simulation: Comparison Among the Visual
Functions of the WC Central Types

Figure 4A presents ocular refractive power by size of the WC
central types. The refractive power for the control was set
to 0. The refractive power increases hyperopically on the
anterior and posterior sides with increasing WC size. The
influence of the posterior WC on refractive power showed
more hyperopia than that of the anterior WC.

Similar to the refractive power variation, the total HOA
and spherical aberration increased with increasing WC size
(Figs. 4B, 4C). Despite a constant WC size, the increment in
the number of aberrations on the posterior side was greater
than that on the anterior side, except for a minor differ-
ence in the predicted results of the WC with 0.7 mm (/) and
10° () (A1, P1).

The MTFs on the anterior and posterior sides decreased
with increasing WC size at spatial frequencies ranging from
20 to 100 cycles/mm (Figs. 4D, 4E). The rate of reduction of
the MTF was slightly higher on the posterior side than on
the anterior side for a constant WC size at spatial frequen-
cies ranging from 20 to 100 cycles/mm. The MTF remained

constant across grades of opacity on the anterior and poste-
rior sides at a spatial frequency of 200 cycles/mm.

A comparison with the MTF curves in Figure 5 indicated
that the decrease in the MTF on the posterior side was
slightly greater than that on the anterior side for a constant
WC size. The reduction in the MTF values was maximum at
spatial frequencies ranging from 80 to 120 cycles/mm.

Second Simulation: Comparisons Between the
Visual Functions of WC Central or Central +
Peripheral Types

Figure 6A compares the refractive powers of different WC
central or central and peripheral types. The refractive power
increased hyperopically on the anterior and posterior sides
with increasing WC size. For a constant WC size, P5 was
approximately 2.6 times more hyperopic than A5. Severe
hyperopic shifting was observed in A6, which is the large
size of WC. An error occurred while calculating the values
for PG in the software.

Similar to the variation of the refractive power, the total
HOA and spherical aberration increased on the anterior and
posterior sides with increasing WC size (Figs. 6B, 6C). The
aberrations on the posterior side were greater than those on
the anterior side for a constant WC size.

The MTFs of different WC central or central + periph-
eral types decreased with increasing WC size on both the
anterior and posterior sides (Figs. 6D, 6E). Additionally, the
decrease in the MTF on the posterior side was relatively
larger than that on the anterior side. Compared with the
WC central type, the MTF of WC central and peripheral type
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decreased remarkably, especially at a spatial frequency of
60 cycles/mm.

A comparison with the MTF curves in Figure 7 indicated
that although the MTFs for the small size variant showed
a slight decrease at the intermediate spatial frequency, the
MTFs for the medium and large size variant decreased signif-
icantly at most of the spatial frequencies, except at the low
frequency.

DISCUSSION

This study is the first to investigate the influence of the size
and location of the WC on refraction, HOA, and MTF through
an optional simulation analysis.

The eye models proposed by Gullstrand!®!7 and
LeGrand'®!® have been widely accepted as typical opti-
cal designs in the past.? However, eye models have been
reported that are more similar than previous models to
the actual eyeball because of the ability of new models to
account for the asphericity of the refractive surface and the
refractive index structure of the lens. The Gullstrand eye
model, which was based on physiological findings, is used
to analyze the physiological shape of the eye and to opti-
cally examine the focal length or image formation. Because
the corneal and lenticular surfaces in this model are spher-
ical and the refractive index of the lens is uniform, this
eye model was not suitable for the current study, which
simulates HOA. The Liou-Brennan eye model,'* which was
adopted in our previous study’ because of suitability for
calculating the accommodation and off-axis aberration, was
not fully adopted in the current study because of the refrac-
tive index structure that was obtained when the WC was
placed below the anterior or posterior subcapsule of the
lens. The Navarro eye model,'?'* which is used as a stan-
dard human eye model in the field of eye optics, accounts
for the asphericity of the anterior surface of the cornea,

holds the uniform lenticular refraction, and reflects aberra-
tion measurements, such as the ocular off-axis aberration,
thereby accurately simulating the WC in the lens. Thus, this
study used the schematic eye model modified by Navarro
and Liou and Brennan to evaluate the refractive power, HOA,
and MTF in eyes with WC.

These optical simulations indicated that hyperopia
progressed with increasing WC size, and the total HOA and
spherical aberration also increased, which is consistent with
our previous studies of clinical cases.>® Tanimura et al.®
reported an 0.5-diopter (D) difference of refractive power
of the crystalline lens between the control (21.8 D) and WC
central type (22.3 D), which is comparable to the results
(0.13-0.42 D) in this simulation, having sizes similar to those
of A1, A2, and A3 in this study and being located near the
anterior subcapsule. Tanimura et al. further reported that
the refractive power of the lens decreased by approximately
2 D in the central and peripheral type of WC, which is equiv-
alent to about a 1.3-D hyperopic shift when converted to
the refractive power of the eyeball; because A5 (central and
peripheral type) had 1.6 D hyperopically in this eye model,
it is almost consistent with Tanimura’s report. In contrast,
clinically observed WC in the posterior subcapsule are typi-
cally only small in size, similar to P1 and P2 in this study.
Because severe hyperopia was predicted in P3 and above in
this simulation, it is necessary to verify hyperopia in clin-
ical cases in the future. Regarding aberrations, Tanimura
et al.® reported that the ocular total HOA (6.0 mm diame-
ter pupil) increased significantly to 0.725 pm and 0.853 pm
in eyes with WC central and central and peripheral types,
respectively, compared with those with a transparent lens
(0.564 um). In this study, the total HOA increased with
increasing WC sizes, and the amount of increase was larger
than that in the clinical cases; thus, it is necessary to improve
the schematic eye model to match clinical values more
closely in the future. Using this model, it was revealed that



Investigative Ophthalmology & Visual Science

Optical Simulations of Waterclefts

IOVS | February 2022 | Vol. 63 | No.2 | Article22 | 9

3.13 mm

|
|
|

3.13mm

Crystalline

Anterior side Lens

Light ray reaching
posterior WC

WCs of the same size

Retina

Posterior side

These differences may cause
differences in visual function
with WC location between
below anterior and posterior
subcapsule.

Ficure 8. Light ray loci passing through (A) a Y-shaped WC 0.5 mm below the anterior subcapsule of the crystalline lens and (B) an inverted
Y-shaped WC 0.5 mm below the posterior subcapsule of the crystalline lens. (C) Hypothesis for the reduction in the visual function.

the MTF in eyes with WC decreased with increasing size
and HOA. The decrease in the MTF in the human eye mani-
fests as a decrease in contrast sensitivity.?=2* We had previ-
ously reported that the contrast visual acuity decreased with
increasing size of the WC central type,® which is consistent
with the results of this simulation.

It was observed that the refractive power shifted hyper-
opically in the eyes wherein the WC was located below the
anterior subcapsule, and this was further enhanced when
the WC was located below the posterior subcapsule. In addi-
tion, the ocular total HOA and spherical aberration also
increased, and HOA of the eyes with the WC located below
the posterior subcapsule increased compared with that of
eyes with WC located below the anterior subcapsule. There
was no difference between the MTFs of the eyes with the
WC located below the anterior and posterior subcapsule at
higher spatial frequencies, but the MTF of the eyes with the
WC located below the posterior subcapsule was lower than
that of eyes with WC located below the anterior subcapsule
at spatial frequencies of less than or equal to 100 cycles/mm.
The reason for the greater influence of the posterior WC
than the anterior WC may be as follows: if the light ray loci
passing through the cornea, aqueous, lens, and vitreous to
the retina were simulated by models wherein the WC was
located below the anterior and posterior subcapsules, the
light rays would converge near the center of the retina when
WC were located below the anterior subcapsule. This is in
contrast with the light rays in the model where the WC was
located below the posterior subcapsule (Figs. 8A, 8B). In
addition, it is presumed that the hyperopia, increased aber-

rations, and decreased MTF may cause more refracted light
rays to pass through the WC below the posterior subcapsule
than those below the anterior subcapsule (Fig. 8C).

The WC below the anterior subcapsule can be easily
observed using a slit-lamp microscope; however, those
below the posterior subcapsule are often overlooked
because of the influence of other types with varying opac-
ities. These optical simulations indicate that the posterior
subcapsular WC influences the visual function more strongly
than the anterior subcapsular WC. Thus, it is important to
conduct a reliable slit-lamp examination for the posterior
subcapsular WC. In addition, the introduction of several
IOLs in recent years, such as toric, multifocal, expanded
depth-of-field, and refractive segmented multifocal IOLs, has
ensured that more detailed patient needs are catered to than
ever before. Thus, it is important to determine the surgical
indications that help understand the effects of different types
of cataracts, that is, not only the three main types (cortical,
nuclear, and posterior subcapsular cataracts) but also the
subtypes of cataracts (WC, retrodots, blue dots, fiber folds,
etc.), on visual function.

This study has several limitations. First, the refractive
index of the lens of the schematic eye model is constant.
Thus, refraction only occurs at the interface, following which
the light rays travel in a straight path. However, actual
human eyes have crystalline lens with a nonuniform refrac-
tive distribution. The refractive index depends on the part
of the crystalline lens being analyzed.'??4-? Second, WC
were analyzed using a combination of conical structures
in this study, whereas they have a variety of shapes; for
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example, some clinically resemble cylinders rather than
cones. In addition, the program used to generate the WC
through CODE V in this study generated an error on increas-
ing the WC size above a certain level. Further, it is impossible
to generate the WC below the anterior and posterior subcap-
sule simultaneously or only in the peripheral region of the
lens. Future studies can improve the program and perform
simulations with WC shapes that are more identical to clini-
cal cases than the current ones.

In conclusion, this study revealed the influence of WC
on visual function. The increasing size of WC increases its
impact on the visual function, eyes with WC below the
posterior subcapsule are more hyperopic than those with
WC below the anterior subcapsule, and the former has a
higher HOA and lower MTF than those of the latter. Further
investigations using this optical simulation technique may
be highly beneficial in assessing the visual functions of other
opacity types and aid ophthalmologists in determining surgi-
cal indications.
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