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Wound Architecture of Clear Corneal Incision With or
Without Stromal Hydration Observed With
3-Dimensional Optical Coherence Tomography

SHINICHI FUKUDA, KEISUKE KAWANA, YOSHIAKI YASUNO, AND TETSURO OSHIKA

® PURPOSE: To evaluate wound architectures of a clear
corneal incision and the duration of stromal edema
caused by intentional hydration in cataract surgery using
3-dimensional (3-D) cornea and anterior segment optical
coherence tomography (OCT).

® DESIGN: Prospective, randomized study.

® METHODS: On 30 eyes of 23 patients, cataract surgery
was performed through a clear corneal incision created
with a 2.4-mm blade. After confirming the water tight-
ness of the clear corneal incision at the end of surgery, 15
randomly selected eyes received stromal hydration, and
the remaining 15 eyes did not. Using the 3-D cornea and
anterior segment optical coherence tomography, wound
architecture was assessed 1 day, 1 week, and 2 weeks
after surgery.

® RESULTS: There was a statistically significant differ-
ence in corneal thickness at the clear corneal incision
between eyes with and without stromal hydration 1 day
and 1 week after surgery (P < .001 and P < .05,
Mann-Whitney U test), but not at 2 weeks after surgery.
On day 1, gaping at the epithelial side was seen in 6.7%
(2 eyes), gaping at the endothelial side in 30% (9 eyes),
misalignment of the roof and floor of incision in 40% (12
eyes), and local detachment of Descemet membrane in
36.7% (11 eyes). These imperfections improved with
time.

® CONCLUSIONS: Using the 3-D cornea and anterior
segment optical coherence tomography, detailed architec-
tures of the clear corneal incision were investigated. It
was found that the effect of stromal hydration lasted for
at least 1 week after surgery. (Am ] Ophthalmol 2011;
151:413-419. © 2011 by Elsevier Inc. All rights

reserved.)

SELF-SEALING CLEAR CORNEAL INCISION HAS BEEN
used widely in cataract surgery because of ease of
construction and lack of bleeding.! Surgeons typ-
ically check the wound integrity by inflating the anterior

Accepted for publication Sep 13, 2010.

From the Department of Ophthalmology, Institute of Clinical Medi-
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chamber with balanced salt solution and applying pressure
with a Weck cell sponge (Eagle Laboratories, Rancho
Cucamonga, California, USA) against the posterior lip of
the incision. If apparent leakage exists, the surgeon often
applies corneal stromal hydration to enhance wound seal-
ing and to prevent the inflow of ocular surface fluid.**
Proper construction and secure closure of the incision,
including application of stromal hydration, are of critical
importance to obtain optimal outcomes after cataract
surgery. However, there have been only a few reports that
investigated the detailed structure of the clear corneal
incision using optical coherence tomography (OCT),>?
and it is not clear how long the effects of stromal hydration
last.®

We developed a 3-dimensional (3-D) corneal and
anterior segment OCT based on swept-source OCT
technology, which is a variation of Fourier-domain
OCT.>!° Because the measurement speed of swept-
source 3-D corneal and anterior segment OCT is more
than 10 times faster than that of time-domain OCT, it
has high robustness against a sample motion and is
capable of obtaining full 3-D images of ocular tissues.”!!
The 3-D corneal and anterior segment OCT can create
any cross-sectional images of the anterior segment of the
eye, and thus it provides more precise perpendicular
scans of the incision than the conventional imaging
methods. In this study, 3-D corneal and anterior seg-
ment OCT was used to evaluate the detailed structural
characteristics of clear corneal incision, including the
duration of stromal hydration.

METHODS

A TOTAL OF 30 EYES FROM 23 PATIENTS UNDERGOING
standard cataract surgery were evaluated. The procedure
was performed under topical anesthesia by a same surgeon
(T.O.) at Tsukuba University Hospital. The research
followed the tenets of the Declaration of Helsinki, and
written informed consent was obtained from each eligible
participant. The mean age of the participants was 71.1 *
13.5 years of age (mean = standard deviation). Inclusion
criteria included no history of ocular surgery, maximum
pupil dilation of more than 7.0 mm at the preoperative
examination, absence of biomicroscopic signs of pseudo-

© 2011 BY ELSEVIER INC. ALL RIGHTS RESERVED. 413



FIGURE 1. Images of clear corneal incision obtained by 3-dimensional cornea and anterior segment optical coherence tomography.
(Top left, Top right, Bottom left) Three-dimensional images of anterior segment and clear corneal incision. (Bottom right) A
2-dimensional image can be obtained by sectioning the 3-dimensional image in any arbitrary direction.

exfoliation, normal fundus examination, and endothelial
cell count of at least 2000 cells/mm?. Exclusion criteria
were the presence of preexisting corneal disease and of
glaucoma.

Phacoemulsification and intraocular lens implantation
were performed as follows. A side-port incision was created
with a 30-degree steel blade. An ophthalmic viscosurgical
device was injected into the anterior chamber, and then
the main clear corneal incision with a square wound
configuration was made using a 2.4-mm steel blade. Phaco-
emulsification was performed using OZil (Alcon, Fort
Worth, Texas, USA) torsional technology with an ultra-
sleeve on an Infiniti phacoemulsification platform (Alcon).
An intraocular lens (SN60WF; Alcon) was implanted
using the D cartridge and Monarch injector. After the
ophthalmic viscosurgical device was thoroughly washed
out with an irrigation and aspiration unit, the anterior
chamber was reformed with balanced salt solution through
the paracentesis aiming for a slightly higher intraocular
pressure. Intraocular pressure was checked digitally. At this
stage, the wounds were checked for water tightness in all
30 eyes using a Weck cell sponge, and it was confirmed
that all incisions had no leakage. Thereafter, corneal
stromal hydration was applied in 15 randomly selected eyes
by placing the tip of a 25-gauge cannula in the side walls
of the incision and gently irrigating balanced salt solution

414 AMERICAN JOURNAL OF OPHTHALMOLOGY

into the stroma. This was performed at both edges of the
incision. In the remaining 15 eyes, the wounds were not
hydrated. The clear corneal incision was evaluated using
the 3-D corneal and anterior segment OCT at 1 day, 1
week, and 2 week after surgery.

The 3-D corneal and anterior segment OCT was a
custom prototype model built by the Computational Op-
tics Group, University of Tsukuba,” and the Tomey Cor-
poration (Nagoya, Japan), which was based on optical
frequency-domain imaging technology.'®!? The light
source had a center wavelength of 1.3 um, which enables
greater penetration into the ocular tissue compared with
the conventional 830 nm OCT. This system 3-dimension-
ally depicts the anatomic features of the anterior segment,
such as cornea, scleral spur, angle recess, iris root, and
filtering bleb.”*!> The measurement speed is 20 000
A-lines/second. The maximum measurement ranges were
16 X 16 mm in width and 6 mm in depth in tissue. The
mean axial resolution within a 4-mm depth range was 11
pm in tissue. The 3-D corneal and anterior segment OCT
provided 3-D tomography with the acquisition time of 3.3
seconds per volume for 256 X 256 X 1024 voxels. A
typical 3-D scan comprises 256 horizontal cross-sections,
each of which comprises 256 A-scans. This OCT system
can produce 2-dimensional images by sectioning the 3-D
image in any arbitrary direction (Figure 1).

MARCH 2011



ng nt endothelial side

‘membrane detachment

FIGURE 2. Two-dimensional images of clear corneal incision
obtained by 3-dimensional cornea and anterior segment optical
coherence tomography. (Top left) Length of clear corneal
incision. Length between angle recess to endothelial side of
clear corneal incision (LAC). (Top middle) Length between the
point that drops a perpendicular line from angle recess to
corneal surface and epithelial side of clear corneal incision
(LPAC). (Top right) Corneal thickness at clear corneal inci-
sion. (Middle row) Gaping of the clear corneal incision at the
epithelial side, gaping of the clear corneal incision at the
endothelial side, and local detachment of Descemet membrane.
(Bottom row) Misalignment of the roof and floor of the incision
at the endothelial side.

The measurement parameters of the clear corneal inci-
sion included the length and width of the clear corneal
incision, the length between angle recess to the endothe-
lial side of the clear corneal incision, and the length
between the point that drops a perpendicular line from the
angle recess to the corneal surface and the epithelial side of
the clear corneal incision (Figure 2).

Five architectural features of the clear corneal inci-
sion were assessed according to the report by Calladine
and Packard: gaping of the wound at the epithelial and
endothelial side, misalignment on the roof and the floor
of the incision at the endothelial side, local detachment

VoL. 151, NO. 3

of the Descemet membrane, and loss of adaptation along
the stromal tunnel (Figure 2).16

Table 1 summarizes preoperative characteristics of patients
and surgery time. There were no significant differences in the
baseline parameters between the stromal hydration group and
the nonstromal hydration group. The measurement values of
2 groups were compared using the Mann—Whitney U  test.
The 5 architectural features of the clear comeal incision were
compared between 2 groups using the Fisher exact probability
test. The intraocular pressure was compared in eyes with and
without architectural features using the Mann—Whitney U
test. Analyses were carried out using StatView software (SAS

Institute, Cary, North Carolina, USA).

RESULTS

® CORNEAL THICKNESS AT CLEAR CORNEAL INCI-
SION: In eyes with stromal hydration, corneal thickness at
the clear corneal incision was 1020.5 = 98.0 pwm, 908.9 =
54.4 pm, and 795.7 = 57.6 pm at 1 day, 1 week, and 2
weeks after surgery, respectively. In eyes without stromal
hydration, corneal thickness at the clear corneal incision
was 880.3 #+ 79.6 wm, 840.3 = 92.0 um, and 799.3 = 93.6
wm at 1 day, 1 week, and 2 week after surgery, respectively.
A statistically significant difference was noted between the
2 groups at 1 day and 1 week after surgery (P < .001 and
P < .05, Mann-Whitney U test; Figure 3). There was no
significant difference between the 2 groups at 2 weeks after
surgery (P = 0.852).

® WOUND ARCHITECTURE: Gaping at the epithelial and
endothelial side was seen in 6.7% (2 eyes) and 30% (9
eyes) at 1 day after surgery (Figure 4). Misalignment of
incision roof and floor at the endothelial side was seen in
40% (12 eyes), and local detachment of Descemet mem-
brane was found in 36.7% (11 eyes). At 1 week after
surgery, gaping at the epithelial side disappeared, and the
percentage of eyes with gaping at the endothelial side and
misalignment decreased to 13.3%. One patient showed
local Descemet membrane detachment at 1 week and 2
week after surgery.

When eyes with (Figure 5) and without (Figure 6)
stromal hydration were compared, eyes that received stro-
mal hydration tended to show greater incidence, but there
was no intergroup difference in the rate of gaping and
misalignment (P = .264 at 1 day after surgery and P = .598
at 1 week after surgery, Fisher exact probability test), and
local Descemet membrane detachment (P > .999 at all
time points after surgery).

Table 2 summarizes the measurement results of clear
corneal incision parameters. The length and width of the
clear corneal incision were 2.56 * 0.08 mm and 1.86 *
0.18 mm, respectively. The length between angle recess to
the endothelial side of the clear corneal incision and the
length between the point that drops a perpendicular line
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TABLE 1. Preoperative Characteristics of Patients, Surgery Time, and Intraocular Pressure in Eyes with and without
Stromal Hydration

With Stromal Hydration Without Stromal Hydration All P Value
Age (yrs) 70.8 = 12.3 71.4 =150 711 £135 .740
logMAR BCVA 0.46 = 0.23 0.42 =0.18 0.41 =£0.23 659
Surgery time (min) 5.87 = 1.30 593 +1.23 5.90 = 1.24 .848
Preoperative IOP (mm Hg) 12.6 2.4 13.0x23 128 *x23 516
Postoperative IOP (mm Hg)
1 day after surgery 179+ 3.2 18.7 £ 2.1 183 =27 .390
1 wk after surgery 13.3%x25 13.1 £2.0 132 x22 .866
2 wks after surgery 12419 13216 128x1.8 .075
Nuclear color 2.43 = 0.46 2.47 = 0.69 2.45 + 0.58 .983
Preoperative cell count (/mm?) 2701 £ 210 2815 = 243 2758 * 231 191

BCVA = best-corrected visual acuity; IOP = intraocular pressure; logMAR = logarithm of the minimal angle of resolution; wks = weeks:

yrs = years.
Values are presented as mean =* standard deviation.
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corneal thickness of clear corneal incision
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FIGURE 3. Bar graph showing the time course of changes in
corneal thickness at clear corneal incision using 3-dimensional
cornea and anterior segment optical coherence tomography. A
statistically significant difference was noted between eyes with

and without stromal hydration at 1 day and 1 week after
surgery (P < .001 and P < .05, Mann~Whitney U test).

from the angle recess to the corneal surface and epithelial
side of the clear corneal incision were 2.63 #+ 0.39 mm and
1.37 = 0.27 mm, respectively. There were no significant
differences in any parameters between eyes with and
without stromal hydration.

Preoperative and postoperative intraocular pressure is
summarized in Table 1. There were no significant differ-
ences in intraocular pressure between eyes with and
without stromal hydration at any points (P > .05, Mann—
Whitney U test). Intraocular pressure at 1 day after surgery
was 18.5 = 0.7 mm Hg and 18.3 = 2.8 mm Hg in eyes with
and without gaping at the epithelial side, respectively.
Intraocular pressure was 18.4 + 2.1 mm Hg and 18.2 = 3.0
mm Hg in eyes with and without gaping at the endothelial
side, respectively. Intraocular pressure was 18.4 + 3.1 mm
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FIGURE 4. Bar graph showing the time course of changes in
the incidence of gaping, misalignment, and local detachment of
Descemet membrane obtained by 3-dimensional cornea and
anterior segment optical coherence tomography.

Hg and 18.2 = 2.5 mm Hg in eyes with and without
misalignment, respectively. Intraocular pressure was 18.5 *+
2.5 mm Hg and 18.2 = 2.9 mm Hg in eyes with and without
local Descemet membrane detachment, respectively. These
minor imperfections of the wound architecture did not
influence intraocular pressure (P > .05, Mann—-Whitney

U test).

DISCUSSION

THERE HAD BEEN AN ANECDOTAL BELIEF THAT CORNEAL
stromal hydration disappears within 1 to 2 hours after
surgery. However, Fine and associates examined clear

corneal incisions using Visante anterior segment OCT
(Carl Zeiss Meditec, Dublin, California, USA) and dem-
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FIGURE 5. Bar graph showing the time course of changes in
the incidence of gaping, misalignment, and local detachment of
Descemet membrane in eyes that received stromal hydration
obtained by 3 -dimensional cornea and anterior segment optical
coherence tomography.
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FIGURE 6. Bar graph showing the time course of changes in
the incidence of gaping, misalignment, and local detachment of
Descemet membrane in eyes without stromal hydration ob-
tained by 3-dimensional cornea and anterior segment optical
coherence tomography.

onstrated that stromal swelling lasted for at least 24 hours
after surgery.® Because there has been no longitudinal
study on the effect of corneal stromal hydration, it has not
been clear how long stromal swelling continues after
cataract surgery. In the current study, we investigated the
architecture and pachymetry of clear corneal incisions
using 3-D corneal and anterior segment OCT up to 2
weeks after surgery.

We found that corneal thickness at the clear corneal
incision was increased significantly in eyes with stromal
hydration compared with eyes without stromal hydration
at 1 day and 1 week after surgery. At 2 week after surgery,
there was no significant difference between the 2 groups.
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These results indicate that the effects of stromal hydration
last for at least 1 week after surgery. The corneal thickness
at the clear corneal incision in eyes with stromal hydration
was 1020.5 + 98.0 um, 908.9 * 54.4 pum, and 795.7 =
57.6 pm at 1 day, 1 week, and 2 weeks after surgery,
respectively. Dupont-Monod and associates measured cor-
neal thickness at the wound level with Visante anterior
segment OCT in eyes with stromal hydration after cataract
surgery using 2.75-mm coaxial microincision, 2.20-mm
coaxial microincision, and 1.30-mm bimanual phacoemul-
sification techniques.!” At 1 day after surgery, the maxi-
mum corneal thickness at the clear corneal incision was
1074 *= 50 pm, 1012 * 101 pm, and 1143 = 140 pm,
respectively. The pachymetry at 8 days after surgery
recorded in 60% of patients was 908 pwm, 865 pm, and
902 pm, respectively.!” Their and our results are highly
compatible in terms of changes in pachymetry at the
wound level up to 1 week after surgery.

As shown in the Results, some imperfection of the wound
architecture was found in the early postoperative period, such
as gaping at the endothelial side, misalignment, and local
Descemet membrane detachment. At 1 day after surgery,
gaping at the endothelial side, misalignment, and Descemet
membrane detachment were seen in 30% (9 eyes), 40% (12
eyes), and 36.7% (11 eyes) of the eyes, respectively, which
decreased to 13.3% (4 eyes), 13.3% (4 eyes), and 3.3% (1
eye) at 1 week after surgery. Torres and associates reported
that misalignment (imperfect apposition of the endothelial
margin) was found in 45% of eyes on day 1 and in 15% of eyes
on day 30,” which are in good agreement with our results.
Misalignment was the result of a greater amount of stromal
edema in the roof of the clear comeal incision than in the
floor. In the current study, misalignment at the endothelial
side was observed in 53.3% (8 eyes) in eyes with stromal
hydration versus 26.7% (4 eyes) in eyes without stromal
hydration. The incidence, however, was not significantly
difference between the 2 groups. The incidence of other
imperfections, such as gaping at the endothelial side and
Descemet membrane detachment, did not differ between
groups, either.

The gaping at the epithelial side was seen in only 6.7%,
and disappeared 1 week later. A previous study demon-
strated that epithelial gaping was found in 12%.'® In their
study, surgery was performed by 5 surgeons, 3 of whom
were consultant grade and 2 of whom were juniors in
training, whereas 1 experienced surgeon performed surgery
in our study. We confirmed with 3-D corneal and anterior
segment OCT that the incision angle, which was
defined as the angle of the chord to a corneal tangent,
was almost constant in the current series of patients, and
the intraocular pressure was set slightly higher at the
end of the operation. Previous in vivo and ex vivo
studies using OCT imaging systems showed that im-
proper incision angle or inappropriate intraocular pres-
sure at the end of operation increased the risk of clear
corneal incision gaping.”’™®
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TABLE 2. Dimension of Clear Corneal Incision Obtained by 3-Dimensional Cornea and Anterior Segment Optical
Coherence Tomography

With Stromal Hydration Without Stromal Hydration All P Value
Length (mm) 1.82 £ 0.15 1.90 = 0.19 1.86 £0.18 211
Width (mm) 2.59 + 0.09 2.54 + 0.06 2.56 = 0.08 .074
LAC (mm) 2.65 = 0.43 2.61+035 2.63 + 0.39 934
LPAC (mm) 1.44 £0.24 1.30 = 0.28 1.37 £ 0.27 097

LAC = length between angle recess toendothelial side of clear corneal incision; LPAC = length between the point that drops a
perpendicular line from angle recess to corneal surface and epithelial side of clear corneal incision.

Local detachment of Descemet membrane was found in
36.7% (11 eyes) on day 1 and in 3.3% (1 eye) on days 7
and 14 after the surgery. Severe detachment of Descemet
membrane is potentially a serious complication of intraoc-
ular surgery,'® which is clinically considered to be rare in
cataract extraction.'” ! However, small incidental De-
scemet membrane detachment that could not be identified
by biomicroscopy was found by gonioscopy in 47% of cases
during routine cataract surgery.”” In our study, the 3-D
corneal and anterior segment OCT detected local De-
scemet membrane detachment in 40%. The high detection
rate seems to be the result of its high resolution and ability
to acquire images 3-dimensionally. Compared with contact
gonioscopy, the 3-D corneal and anterior segment OCT is
a noncontact and noninvasive method, reducing the risk
of infection when examining clear corneal incision archi-
tecture immediately after surgery. Mackool and Holtz
classified Descemet membrane detachment as planar when
there is I mm or less separation of the Descemet membrane
from its overlying stroma in all areas, whereas they defined
it as nonplanar when Descemet membrane detachment
exceeds 1 mm of separation.”’ They described planar
detachments as having a much better prognosis than
nonplanar detachments. In our cases, only small planar
detachments were seen, which quickly and spontaneously
reattached in almost every case. Dupont-Monod and asso-
ciates reported that Descemet membrane detachment was
seen in 51% of eyes at 1 day and in 29% of eyes at 8 days
after surgery using Visante anterior segment OCT. In their
study, however, all eyes received stromal hydration and
only 60% patients were examined at 8 days after surgery.!”

In the cross-sectional image obtained with 3-D corneal and
anterior segment OCT, the clear corneal incision showed an
arcuate configuration, and its length was 1.86 + 0.18 mm,
with a range of 1.63 to 2.20 mm. Several studies have
measured the dimension of clear comeal incisions using

Visante anterior segment OCT.®!%?3 Calladine and Packard
reported mean clear comeal incision length of 1.61 + 0.26
mm,'® with a large range of values from 1.10 to 2.25 mm.
Schallhom and associates reported mean clear corneal inci-
sion length of 1.81 % 0.27 mm, and their range was also large
(1.41 to 2.39 mm).** Such discrepancy in the rage of clear
corneal incision length measurements may be the result of the
different surgical techniques and skills, but different measure-
ment principles might have played a role. Visante anterior
segment OCT captures only several cross-sectional images,
and thus the longest direction of CCT may not be sectioned
every time. However, 3-D corneal and anterior segment OCT
creates 2-dimensional images by sectioning the 3-D image in
any arbitrary directions, and therefore the longest part of the
clear corneal incision perpendicular to the external or inter-
nal wound can be located easily.

Our study had several limitations. First, the study size was
relatively small. Even with this sampling size, however, we
could demonstrate clearly the influence of stromal hydration
on corneal thickness and its time course. Second, we could
not investigate the relationship between 5 architectural
features and the stability of the clear comeal incision because
all clear comeal incisions showed good water tightness in the
current study. The stability of the clear comeal incision is
thought to be important for the accession of bacteria to the
intraocular space. Previous studies reported that the stability
of the clear corneal incision was related with wound gaping
and incision angle.>*® Further studies will be required to
evaluate this relationship.

In conclusion, we have shown that the 3-D corneal and
anterior segment OCT can evaluate the detailed architecture
of a clear comeal incision noninvasively. The duration of
stromal edema caused by intentional hydration also was
evaluated. We demonstrated that stromal edema continued
for at least 1 week, indicating that the sealing effect by
stromal hydration lasts longer than clinically anticipated.
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Quantitative Evaluation of Changes in Eyeball Shape in
Emmetropization and Myopic Changes Based on Elliptic

Fourier Descriptors

Kotaro Ishii,' Hiroyoshi Iwata,” and Tetsuro Oshika'

PurposE. To evaluate changes in eyeball shape in emmetropiza-
tion and myopic changes using magnetic resonance imaging
(MRD) and elliptic Fourier descriptors (EFDs).

MetHODS. The subjects were 105 patients (age range, 1
month-19 years) who underwent head MRI. The refractive
error was determined in 30 patients, and eyeball shape was
expressed numerically by principal components analysis of
standardized EFDs.

ResuLts. In the first principal component (PC1; the oblate-to-
prolate change), the proportion of variance/total variance in
the development of the eyeball shape was 76%. In all subjects,
PC1 showed a significant correlation with age (Pearson » =
—0.314; P = 0.001), axial length (AL, » = —0.378; P < 0.001),
width (# = —0.200, P = 0.0401), oblateness (r = 0.657, P <
0.001), and spherical equivalent refraction (SER, » = 0.438;
P = 0.0146; n = 30). In the group containing patients aged 1
month to 6 years (z = 49), PC1 showed a significant correla-
tion with age (r = —0.366; P = 0.0093). In the group contain-
ing patients aged 7 to 19 years (m = 506), PC1 showed a
significant correlation with SER (r = 0.640; P = 0.0063).

Concrusions. The main deformation pattern in the develop-
ment of the eyeball shape from oblate to prolate was clarified
by quantitative analysis based on EFDs. The results showed
clear differences between age groups with regard to changes in
the shape of the eyeball, the correlation between these
changes, and refractive status changes. (Invest Ophthalmol Vis
Sci. 2011;52:8585-8591) DOI:10.1167/iovs.11-7221

Peripheral visual input plays an important role in emmetropiza-
tion, and the quality of the peripheral visual input may affect
postnatal refractive eye development in patients with myopia.
However, changes in the shape of the eyeball during normal and
pathologic postnatal eye development are still poorly under-
stood.* ™ A previous report described that when the angle on the
retinal side of the extrafoveal area changes by 1°, the contrast of
the retinal image changes.® Therefore, a quantitative evaluation of
the shape of the eyeball is necessary to understand eye growth
during infancy.

Until now, few studies have been conducted on the shape
of the eyeball itself.>~7 Deller et al.> reported that the dimen-
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sions of most emmetropic eyes are similar, but that the rate of
increase of length is approximately twice that of height and
width as myopia increases. Atchison et al.% suggested that there
are considerable individual variations in adult eyes. In general,
myopic eyes are clongated relative to emmetropic eyes, with
greater growth in length than height and even lesser growth in
width. Moreover, some researchers determined that the varia-
tions are quantitative by using the Q-value of the shape of the
surface of the adult retina.® Their study results showed that in
both emmetropia and myopia, the retinal shape is oblate and
that this oblateness is decreased according to the strength of
the myopia.

The current method of evaluating the shape of the eyeball uses
the ratio of the length, radius of curvature, angle of the tangent on
the retinal surface, and Q-value.>*~% However, limitations in the
evaluation of partial features and problems with the inaccuracy
and lack of reproducibility are persistent with the use of these
evaluation methods. In addition, the Q-value is not suitable for the
evaluation of complex shapes, such as the shape of the entire
eyeball. Therefore, it is necessary to introduce a method that can
mathematically achieve a quantitative evaluation of an outline of
the shape of the eyeball.

Elliptic Fourier descriptors (EFDs), initially proposed by Kuhl
and Giardina® in 1982, can numerically express any shape with a
closed two-dimensional contour. There have been reports show-
ing that measurements based on EFDs are helpful in the quanti-
tation of plant and animal organ shapes.®~!” Despite its potential,
however, there have been relatively few reports on the use of
EFDs in shape analysis within the field of clinical medicine. In our
study, we used eyeball images taken by magnetic resonance
imaging (MRI) to conduct a quantitative analysis of eyeball shape
development based on EFDs.

MATERIALS AND METHODS

Informed consent was obtained from all patients participating in the
present study or their guardians. The approval of the hospital’s ethics
committee was also obtained. The study was conducted in accordance
with the guidelines of the Declaration of Helsinki. The study sample
refers to 266 cases (ranging in age from 1 month to 19 years) in which
magnetic resonance images (MRIs) of the head were obtained at
regular physical checkups during a 6-month period from April to
October 2008 at Tsukuba University Hospital. The exclusion criteria
for analysis were intracranial space-occupying lesions, cerebral hem-
orrhage, cerebral contusions, hydrocephalus, congenital abnormali-
ties, chromosomal abnormalities, metabolic diseases, and degenerative
diseases, and the criteria were specified as the cases of those patients
for whom the MRI results constituted “no abnormality.” As a result,
105 cases were included in the analysis, 30 of which were evaluated
for refractive error. The refractive error was measured with an autore-
fractometer in subjects under cycloplegia with atropine sulfate or
cyclopentolate hydrochloride. In subjects younger than 6 years, 0.5%
atropine sulfate was applied with eyedrops. In addition, the MRIs and
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refractive error of seven subjects without ocular or intracranial dis-
cases were measured for MRI validation.

MRIs were obtained with a 1.5-Tesla superconducting magnet (Gy-
roscan Intera and Gyroscan Power Trak 1000; Philips Medical Systems,
Best, The Netherlands) with a phased-array head coil. Horizontal T,-
and T,weighted images were obtained for all patients. Tyweighted
images were obtained using the fast spin-echo method, with a pixel
bandwidth of 100 to 150 kH, repetition time (TR) of 2500 to 2948 ms,
echo time (TE) of 90 to 130 ms, section thickness of 1.2 to 3 mm, field
of view of 70 X 70- to 95 X 95-mm, image frequency of 63.9, pixel
spacing of 0.429 to 0.625 pixel/mm, flip angle of 90°, and an acquisi-
tion matrix of 256 X 256 to 320 X 320. T,-weighted images were
obtained with a spin-echo sequence with a TR of 480 to 574 ms, TE of
14 to 18 ms, section thickness of 1.2 to 3 mm, image frequency of 63.9,
pixel spacing of 0.313 to 0.429 pixel/mm, and flip angle of 90°.

All patients were imaged while supine, and those aged 6 years or
younger were sedated. All ocular dimension measurements were made
from the horizontal images at approximately 16 magnifications on a

I0VS, November 2011, Vol. 52, No. 12

FiGure 1. (A) In the unprocessed
MR, it was confirmed that the bilat-
eral lenses, optic nerves, medial and
lateral rectus muscles, and optic chi-
asm were depicted clearly in the hor-
izontal images. B) A 3D restructur-
ing of the head MRIs from the
horizontal MRI of a 3-mm slice. (C)
To adjust the working reference
plane, the optic chiasm of the unpro-
cessed MRI was set to the intersec-
tion graph. The y-axis was set in par-
allel with both eyeballs. In addition,
the x-axis was set orthogonal to the
y-axis. The z-axis was vertically set as
the working reference plane, orthog-
onal to the x- and y-axes. The x-axis
was rotated to create a shape that
ensured that the crystalline lenses of
both eyes appeared the same. Then
the y-axis was rotated so that the
anterior chamber is at its greatest
depth. Finally, the z-axis was moved
up and down so that the crystalline
lens might attain its maximum size;
(D) A restructured horizontal MRI of
patient 4 (Table 1, 73 years, female).

computer monitor with a standard resolution of 512 X 512 pixels. The
distances were measured with a line caliper in a software program, and
the distance between the two points was converted from pixels to
millimeters by using pixel-spacing data. Axial length (AL) and width of
the right eye were measured from the horizontal MRIs. As the T,
weighted images were used to apply EFDs, the shaft length of the
inside of the eyeball was measured in the AL measurements. AL was
recorded as the distance between the posterior cornea and the approx-
imate location of the fovea along the line that bisected the eye in the
horizontal plane. The eye width was measured between the retinal
surfaces on either side across the horizontal image at the point that
visually appeared the widest.

MRI Validation

As our examinations were part of a retrospective study and the MRIs of
the infants in that study were taken with the subjects under sedation,
it was not possible to fix the visual line on these images. Therefore, a

TaBLE 1. A Comparison of Axial Lengths Determined by MRI and A-scan Ultrasonography

Participant Age, Mean A-scan US MRI-AL 3D-AL (A-scan US AL) (A-scan US AL)
Sex Eye SER (D) AL (mm) (mm) (mm) Minus (MRI-AL) Minus (3D-AL)
56, female Right —0.75 23.53 2331 23.5 0.22 0.03
Left —0.5 23.39 23.08 235 0.31 —0.11
73, male Right —-1.25 25.31 24.41 24.8 0.9 0.51
Left —0.75 25.21 25 0.41 0.21
63, female Right 0.5 22.9 22.86 22.9 0.04 0
Left 0.75 22.83 22.64 23.1 0.19 —0.27
73, female Right —-25 23.84 23.7 0.64 0.14
Left —-1.75 23.57 23.6 0.67 —0.03
72, male Right —-1.5 23.39 23.18 233 0.21 0.09
Left —-1.75 23.57 23.43 23.1 0.14 0.47
30, male Right —2.25 25.31 25.48 25.1 -0.17 0.21
Left —2.00 25.21 24.96 25.6 0.25 —0.39
62, female Right 0.75 22.95 22.87 229 0.08 0.05
Left 0.25 23.12 22.65 22.9 0.47 0.22
Mean * SD 23.87 = 0.96 23.56 * 0.94 23.79 £ 0.93 0.31 £ 0.28 0.08 = 0.25

A-scan US, A-scan ultrasonography; 3D, the three-dimensional restructured image.
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technique using three-dimensional (3D) MRIs of the eyeball was used
to obtain the horizontal MRIs of the eyeball in all analyses at an equal
height. We used the unprocessed horizontal MRIs from approximately
7 to 15 unprocessed slices to make the 3D MRI of the eyeball (Figs. 1A,
1B). The x-, -, and z-axes of these 3D images have been adjusted
respectively (ZedView software program; Lexi Corp., Tokyo, Japan), as
shown in Figure 1.

The initial experiments confirmed that the bilateral lenses, optic
nerves, medial and lateral rectus muscles, and optic chiasm were
depicted clearly in the unprocessed horizontal MRIs. In addition, a
slice was made in the working reference plane of the rotation. The
center of the rotation axis used the optic chiasm to facilitate identifi-
cation of the position of the eyeball and grasp of the rotation state. The
yaxis was set parallel to both eyeballs, as shown in Figure 1C. In
addition, the x-axis was sct orthogonal to the y-axis. The z-axis was
vertically set as the working reference plane, orthogonal to the x- and
y-axes. To create a shape that ensured that the crystalline lenses of
both eyes appeared the same, the x-axis was rotated. Then the y-axis
was rotated so that the anterior chamber is at its greatest depth. Finally,
the z-axis was moved up and down so that the crystalline lens could
attain its maximum size. In this study, the MRIs from the 1.2- to 3-mm
slices were used.

In the evaluation and examination, the measurement of AL by
A-scan ultrasonography (AL-3000; TOMEY, Nagoya, Japan) was com-
pared in seven subjects (14 eyes) with that based on the MRI. The MRI
of the 3-mm slice was used for evaluation and examination to ensure an
error margin for the region. Because the AL based on the MRI did not
contain the corneal thickness, AL based on A-scan ultrasonography was
a value from which the corneal thickness had been subtracted. The
results of the MRI validation are shown in Table 1. AL determined by
A-scan ultrasonography showed a significant correlation with that
generated by the unprocessed MR (Pearson 7 = 0.956; P < 0.001) and
3D restructured (r = 0.966; £ < 0.001) images. A Bland-Altman plot,
indicating the relationship between AL generated by the unprocessed
MR and 3D restructured images with that based on A-scan ultrasonog-
raphy was made, as shown in Figure 2. Because the horizontal image of
the unprocessed MRI did not usually cut an eyeball at a major axis, AL
determined from the unprocessed MRI was shorter than the actual
length (Table 1). In addition, there was a significant difference be-
tween the error margin of AL determined by a combination of A-scan
ultrasonography and the 3D-restructured image and the error margin of
AL determined by a combination of A-scan ultrasonography and the
unprocessed MRI (paired #test, £ = 0.0191). In this study, therefore,
we used the Tyweighted horizontal MRIs that used the 3D restructur-
ing technique to estimate the geometry of the eyeball.

Elliptic Fourier Descriptors

To obtain a sharply defined contour of the eyeball, the T,-weighted
MRIs were used for elliptic Fourier descriptors (EFDs; Fig. 3A). In all
cases, images of the right eyes were used for image processing and
contour recording. In the derivation of EFDs, the x- and y-coordinate
information of the contour of eyeball was taken in the form of a closed
curve, as is illustrated in Figure 3B. The shape was mathematically
delineated with the Fourier series expansion of the closed curve. The
obtained Fourier coefficients (4,,, b,,, ¢,, and d,) were further stan-
dardized to be invariant under a change of size and direction of a
contour and starting point of contour trace. In this study, standardiza-
tion was done on the basis of the two landmark points that were used
in axial length measurements. In standardizing EFDs, the corneal apex
of the right eye was placed on the right, the temporal side on the top,
and the nasal side at the bottom (Fig. 3C).

With regard to the harmonic number 7, the larger the maximum
value of # becomes, the better the descriptive power of the shape. In
this analysis, the value of 7 was set at 20 (2 = 20). When n = 20, the
standardized EFDs comprise 80 standardized Fourier coefficients. Since
the number of coefficients was large, it was not easy to analyze the
variation of each coefficient and understand the results of the analysis.
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FIGURE 2. Bland-Altman plots indicating the relationship between AL
generated by the unprocessed MR and 3D restructured images and that
based on A-scan ultrasonography. A-scan US, A-scan ultrasonography.
(A) The mean value of the difference between the A-scan-US AL and
MRI AL was 0.31. The average difference +1.96 SD was from —0.24 to
0.87. (B) The mean value of the difference between the A-scan-US AL
and 3D AL was 0.081. The average difference *+1.96 SD was from
—0.40 to 0.57.

To summarize the information contained in the EFDs, we conducted a
principal component analysis (PCA) of EFDs. The PCA reduced the
dimension of the original data (i.e., 80) to a much lower dimension.
The PCA was performed based on the variance- covariance matrix of
the coefficients, and the component scores of the first several compo-
nents were used as the measurements of the eyeball shape (Fig. 3D).
The shape analysis method that uses standardized EFDs evaluates the
shape provided from an eyeball image (such as Fig. 3A) by several
shape principal components (s;, $,, 3, ...), as shown in Figure 3D.

Evaluation of Oblateness

Oblateness indicates the shape of a spheroid body compared with that of
a sphere. Oblateness fis defined as f = 1 — AL/a, where a is the equatorial
diameter. For an oblate spheroid for which @ > AL, f > 0, and for a prolate
spheroid for which a < AL, f < 0. For a sphere, f = 0.

Statistical Analyses

The measurements of the eye dimensions of AL and width were
recorded in millimeters and are expressed as the mean * standard
deviation. The Pearson correlation coefficients, determined using a
bivariate correlation analysis, were used to compare factors such as AL,
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width, age, principal components of standardized EFDs, and oblate-
ness. P = 0.05 was significant (StatView ver. 5.0; SAS, Cary, NC).

REsuLTS

There were 105 patients (105 eyes) enrolled in the study; they
consisted of 55 males and 50 females, ranging in age from 1
month to 19 years (8.47 = 6.64 years). The AL (Pearson r =
0.794; P < 0.001) and width (# = 0.754; P < 0.001) of the right
eyes showed a significant correlation with age. AL and age
were closely approximated via a logarithmic approximation.
AL (Pearson r = —0.443; P < 0.001) and age (r = —0.356; P =
0.002) showed a significant correlation with oblateness (Figs. 4A,
4B). The average of the spherical equivalent refraction (SER)
was —0.68 * 1.19 D (z = 30). The SER showed a significant
correlation with AL (r = —0.695, P < 0.001), width (» =
—0.547; P = 0.0014), oblateness (r = 0.423; P = 0.0189), and
age (¥ = —0.682; P < 0.001).

A PCA was performed based on the variance- covariance
matrix of the coefficients (Fig. 3D). Therefore, each principal
component was independent of the shape without the corre-
lation. In the PCA of standardized EFDs, the proportion of the
variance/total variance of the first principal component (PC1)
was 76.0%. The proportions of PC2 and PC3 were 7.7% and
4.1%, respectively. Figure 5 shows the changes in shape vari-
ations within the value range of —2 to 2 SD for the three
principal components. The solid line in Figure 5 indicates the
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T,weighted MRIs that were obtained
of the right eye. (B) The closed curve
on the graph refers to the scam of the
contour that was image processed
from the eyeball images derived via
MRI. The x and y coordinates of the
contour are delineated, respectively,
as periodic functions of distance ¢
with a period of 7. (C) The location
of point I on the graph, which is a
reference point for standardizing the
elliptic Fourier descriptors obtained
in (B) was identified manually. With
this standardization, the size and di-
rection of all contours were aligned,
respectively, to the size and direction
of the corneal apex on the right eye-
ball. (D) A PCA was performed based
on the variance- covariance matrix
of the coefficients.
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average value, and the numerical value is set at O in the PCA.
The dotted line represents —2 SD, and the dashed line repre-
sents 2 SD. Regarding the components following PC4, their
ratio to the eyeball shape was small, and the change was
minute. As a result, it was found that PC1 showed a significant
correlation with age (Pearson 7 = —0.314; P = 0.001) as well
as with AL (r = —0.378; P < 0.001), width (# = —0.200; P =
0.0401), and oblateness (» = 0.657; P < 0.001; Fig. 4C). PC1
also was significantly correlated with SER (» = 0.438, P =
0.0146; n = 30). PC2 showed a significant correlation with
oblateness (Pearson » = —0.289, P = 0.0027), but not AL (Fig.
4D). PC1 and -2 almost intersected oblateness in the origin
(Figs. 4C, 4D). Therefore, the eyeball shape of the mean value
of PC1 and -2 was approximately spherical.

Emmetropization is usually completed by about age 6 years.
For those subjects in the group aged 1 month to 6 years (n =
49), AL (Pearson » = 0.733; P < 0.001), width (» = 0.681; P <
0.001), and oblateness (r = —0.309; P = 0.0301) showed a
significant correlation with age. PC1 showed a significant cor-
relation with AL (r = —0.421; P = 0.0024), oblateness (r =
—0.715; P < 0.001), and age (» = —0.366; P = 0.0093),
whereas PC2 only showed a significant correlation with oblate-
ness (* = —0.355; P = 0.0118). The average SER of the
younger subjects was 0.09 = 0.75 D (age, 1 month-6 years;
n = 14). For those subjects aged 7 to 19 years (1 = 56), AL (r =
0.459; P = 0.003) and width (» = 0.312; P = 0.0187) showed
a significant correlation with age. This result seems to reflect



