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Comparison of Retinal Nerve Fiber Layer Thickness
Measurements Using Time Domain and Spectral Domain
Optical Coherence Tomography, and Visual Field Sensitivity
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Purpose: To investigate the relationship between the peripapillary
retinal nerve fiber layer (RNFL) thickness, as measured by Stratus
time domain optical coherence tomography (OCT) (Stratus OCT)
and Cirrus spectral domain OCT (Cirrus HD-OCT), and the
severity indices of the visual field (VF) defects in glaucoma patients.

Methods: This was a prospective, cross-sectional study. Correla-
tions between the individual VF sensitivity at 52 test points and the
Stratus OCT and Cirrus HD-OCT, which determined peripapillary
RNFL thicknesses from 6 sectors, were calculated in 54 eyes with
open-angle glaucoma and 22 normal control eyes. The association
between the RNFL thickness and VF sensitivity was evaluated
using a second-order regression model.

Results: A significant correlation was found for the RNFL
thicknesses determined by the 2 OCT devices (r=0.51 to 0.95;
P <0.001). VF sensitivities at each test point were also significantly
correlated with the sectoral RNFL thicknesses. The inferotemporal
RNFL sector exhibited the highest coefficient of determination,
whereas the superotemporal test point had the highest VF
sensitivity (Stratus, 0.70; Cirrus, 0.62).

Conclusions: The structure-function relationship was comparable
between Cirrus HD-OCT and Stratus OCT RNFL measurements.

Key Words: peripapillary retinal nerve fiber layer thickness, optical
coherence tomography, severity indices of the visual field
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fter the introduction of optical coherence tomography

(OCT) in clinical practice in 1995, it became possible
to carry out routine measurements of retinal thickness. The
first commercially available model, OCT 1 (Carl Zeiss
Meditec; Humphrey Division, Dublin, CA) had an axial
resolution of about 15um and a scan velocity of 100 axial
scans per second. In 2002, the OCT 3000 model (Stratus
OCT; Carl Zeiss Meditec) was introduced. This device
used time domain technology, which initially had an axial
resolution of 10 pm and a scan velocity of 400 axial scans
per second. Recently, the Cirrus HD-OCT (Carl Zeiss
Meditec) has become commercially available, with a spectra
domain platform that has an axial resolution of Spum and a
scan velocity of 27,000 axial scans per second. Although the
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Stratus OCT and Cirrus HD-OCT have a similar retinal
nerve fiber layer (RNFL) measurement locations, they use
different technologies. The Stratus OCT measures the
RNFL thickness along a 3.46-mm-diameter circle around
the optic disc in the fast RNFL mode, whereas the Cirrus
HD-OCT resample data along a circle with a 1.73-mm
radius around the optic disc.

Glaucoma is a progressive optic neuropathy in which
there is loss of retinal ganglion cells that leads to visual field
abnormalities. To diagnose and manage glaucomatous
optic neuropathy, it is of critical importance to be able to
detect the relationship between structural and functional
damage. Sensory tests and various imaging techniques have
been used to measure this relationship,'™ with significant
correlations between perimetric tests and optic disc para-
meters found for the area of the neuroretinal rim or RNFL
thickness. The perimetric mean defect of the whole visual
field along with the mean RNFL thickness, as measured by
Stratus OCT and Cirrus HD-OCT, have been used to
determine the quantitative structure-function association.*
However, local correspondence may be of greater impor-
tance in being able to judge the progression of glaucoma.

The purpose of this study was to investigate and
compare the local structure-function associations obtained
when using the Cirrus HD-OCT and the Stratus OCT
devices.

PATIENTS AND METHODS

A total of 54 glaucoma patients and 22 normal
participants were enrolled in the study and followed up
during the period from October 2008 through January 2009
at Kagawa University Hospital. Among these patients,
34 had primary open-angle glaucoma and 20 had normal-
tension glaucoma. All eligible participants received a
detailed explanation of the study and signed an informed
consent form in accordance with the principles embodied in
the Declaration of Helsinki. All the participants underwent
a complete ophthalmic examination that included visual
acuity testing with refraction, intraocular pressure, and
dilated fundus examination with stereoscopic biomicro-
scopy of the optic nerve head using slit lamp and indirect
ophthalmoscopy. To be included in the study, all partici-
pants had to have a best corrected visual acuity of 20/40 or
better, a spherical error within a range between 4.0 and
—6.0 diopters, and a cylinder within +2.0 diopters.
Exclusion criteria included history of any kind of retinal
pathology, retinal laser procedure, retinal surgery, or
neurologic disease. One eye in each participant was
randomly chosen for inclusion in the study. The glauco-
matous eyes were defined as the eyes exhibiting structural
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glaucomatous changes (vertical cup-disc asymmetry be-
tween fellow eyes of more than equal to 0.2, a cup-disc ratio
of more than equal to 0.6, and a neuroretinal rim
narrowing, notches, localized pallor, or RNFL defects with
glaucomatous visual field (VF) loss in the corresponding
hemifield). The glaucomatous VF defects were defined as
those with consecutive, repeated abnormal standard auto-
mated perimetry (SAP) results (=2 contiguous points with
a sensitivity loss of P <0.05 in the superior or inferior
arcuate areas, a 10-dB difference across the nasal horizontal
midline at greater than 2 adjacent locations, or an
abnormal glaucoma hemifield test result). The eyes with
preperimetric glaucomatous optic neuropathy were ex-
cluded from this study.

Stratus OCT Retinal Nerve Fiber
Layer Measurement

The fast RNFL 3.4 scan protocol was used to measure
the peripapillary RNFL (software version 4.0.1). The
RNFL thickness was determined at 256 circumpapillary
points on a circle with a default diameter of 3.4mm
around the center of the optic disc. We excluded all poor-
quality scans, which were defined as those with a single
strength of <6; the presence of overt misalignment of the
surface detection algorithm on >15% of consecutive
A-scans or 20% of cumulative A-scans; or overdecentration
of the measurement circle location, as subjectively assessed.

Cirrus HD-OCT Retinal Nerve Fiber
Layer Measurement

The Cirrus HD-OCT uses spectral domain technology
of an optic disc cube obtained from a 3-dimensional data
set composed of 200 A-scans from each of 200 B-scans that
cover a 6-mm? area centered on the optic disc. After
creating an RNFL thickness map from the cube data set,
the software automatically determined the center of the
disc and then extracted a circumpapillary circle (1.73-mm
radius) from this data set. The same signal strength cutoff
value and exclusion criteria used for the Stratus OCT were
also used for these measurements.

All images were acquired during a single visit by 1
well-trained technician. Right-hand orientation was used
for documentation of the clock hour measurements in both
the Cirrus HD-OCT and Stratus OCT.

A

TABLE 1. Clinical Characteristics of the Study Population

Glaucoma Normal P

Age (y) 61.7+11.8 63.1+9.0 0.62
Sex (male/female) 19/35 14/8 0.19
Diagnosis

POAG 33

NTG 21 .
Refraction (D) —1.51+£247 —1.18%£2.25 0.59
Visual field MD (dB) —-77+75 —-14+1.6 <0.01

MD indicates mean deviation; NTG, normal-tension glaucoma; POAG,
primary open-angle glaucoma.

Visual Field Examination

Standard visual field testing was done using static
automated white-on-white threshold perimetry (Humphrey
Field Analyzer II; Carl Zeiss Meditec). A visual field was
defined as reliable when fixation losses, false-positive errors,
and false-negative errors were less than 20%.

Statistical Analysis

The relationship between the 2 OCT measurements
was assessed by Pearson correlation analysis. The structure-
function relationships from the 6 measured regions were
adapted from the map earlier created by Garway-Heath
et al (Fig. 1).> The relationship between RNFL thickness
and visual field mean deviation (MD) was evaluated using a
second-order regression analysis, as it has been shown that
the second-order regression analysis yields a stronger
structure-function association than the first-order and other
nonlinear regression analyses.®’ Comparisons of the
strength of the structure-function association were evaluated
by paired ¢ tests on the log-transformed absolute value of the
studentized residuals from the 2 second-order regression
models. A Bland-Altman plot was graphed to assess the
agreement between 2 instruments. All statistical values are
presented as mean + standard deviation (SD). In all statis-
tical analyses, P values <0.05 were considered statistically
significant (Fig. 1).

RESULTS

The demographic characteristics are detailed in
Table 1. As the normal control participants were selected

FIGURE 1. A topographic map generated using the methodology of Garway-Heath et al.> Areas of the peripapillary retinal nerve fiber
layer are divided into 6 sectors (A), and the corresponding visual field regions are observed in standard automated perimetry (B).
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TABLE 2. Correlation of RNFLT Measurement on Average and in Each of 6 Sectors as Determined by Stratus and Cirrus OCT

RNFLT by RNFLT by Correlation of
Stratus (upm) Cirrus (pm) Determination (R) P
Average 743+£179 72.5+13.6 0.91 <0.001
Temporal, 311 degrees-40 degrees 62.6+17.7 60.3+12.5 0.83 <0.001
Superotemporal, 41 degrees-80 degrees 86.5+33.4 87.1+28.7 0.88 <0.001
Superonasal, 81 degrees-120 degrees 90.1+30.8 85.8+244 0.80 <0.001
Nasal, 121 degrees-230 degrees 62.7+14.4 65.5+9.5 0.51 <0.001
Inferonasal, 231 degrees-270 degrees 87.0£25.1 77.1+£20.0 0.85 <0.001
Inferotemporal, 271 degrees-310 degrees 92.8+38.1 86.9 £33.6 0.95 <0.001

OCT indicates optical coherent tomography; RNFL, retinal nerve fiber layer.

with age-matching and refractive error-matching, there was
no significant difference in the mean age between the normal
control participants (63.1 £9.0y; range, 49 to 74) and those
with glaucoma (61.7+11.8; range, 35 to 85). The mean
deviation (MD) in SAP ranged from —28.73 to —0.78dB
with a mean of —7.7+7.5dB in patients with glaucoma.
Many glaucomatous eyes had early to moderate diseases
based on the standard visual field severity grading,® of the 54
patient’s eyes, 28 (52%) were classified as early, 13 (24%)
were classified as moderate, and 13 (24%) were classified
as severe.

The average RNFL thickness, as measured by Stratus
OCT, was 74.3 £ 17.9 um, whereas the average RNFL, as
measured by Cirrus HD-OCT, was 72.5 = 13.6 um. Only the
inferonasal Cirrus HD-OCT RNFL thickness measurement
(77.1+£20.0 pm) was thinner than those measured by the
Stratus OCT (88.0 +25.1 um) (P < 0.05, unpaired ¢ test). The
Pearson correlation coefficient for mean RNFL thickness in
each sector between the 2 instruments was 0.51 to 0.95
(Table 2), with the weakest correlation found in the nasal
sector (#r=0.51; P <0.001). Figure 2 shows the Bland-
Altman plots for the agreement between Cirrus HD-OCT
and Stratus OCT for the average RNFL thickness. For
thinner RNFL thicknesses, Stratus measurements tend to be
thinner than Cirrus, whereas for thicker RNFL thicknesses,
Stratus measurements tend to be thicker than Cirrus.

30

The 52 VF test points were clustered into regional
groups of VFs that corresponded to the RNFL sections.
Coefficients of determination between these 6 VF sensitivity
(VES) clusters and the corresponding 6 sectors are listed in
Table 3. Except for the nasal sector, there were significant
correlations between the VFS at individual test points and
in several of the RNFL sectors. The highest calculated
coefficient of determination was for the superotemporal
RNFL sector. There were no significant differences noted in
the strength of the structure-function association between
the Cirrus HD-OCT and Stratus OCT.

DISCUSSION

The results of this study show that Cirrus RNFL
measurements correlate well with those from Stratus OCT,
with comparable strength of the structure-function associa-
tion between Cirrus HD-OCT and Stratus OCT. However,
although we noted a correlation of the RNFL thickness
measurements between Stratus OCT and those from Cirrus
OCT, other studies have earlier reported systematic differ-
ences in the measurement values between Cirrus HD-OCT
and Stratus OCT.%"!! Although our results showed a high
correlation between the Cirrus HD-OCT and Stratus OCT
thickness measurements, the RNFL thickness measured
by the Cirrus HD-OCT was only thinner than that measured

Cirrus Minus Stratus Thickness (microns)

Mean of Cirrus and Stratus OCT RNFL thickness (microns)

FIGURE 2. Bland-Altman plot of the agreement of mean retinal nerve fiber layer (RNFL) thickness between Cirrus OCT and Stratus OCT.
The difference (Cirrus OCT RNFL thickness—Stratus OCT RNFL thickness) between both measurements is plotted against the average of
both measurements (r=0.55, P < 0.01). The dotted lines of equality are plotted the 95% limits of agreement. OCT indicates optical

coherence tomography.
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TABLE 3. Comparison of Structure-function Relationship using Stratus or Cirrus OCT by Garway-Heath et al

Correlation of Determination (R)

Sector in RNFL Stratus OCT Cirrus OCT P

Temporal, 311 degrees-40 degrees 0.39 0.32 0.31
Superotemporal, 41 degrees-80 degrees 0.70 0.62 0.07
Superonasal, 81 degrees-120 degrees 0.54 0.57 0.63
Nasal, 121 degrees-270 degrees 0.03 —0.06 0.48
Inferonasal, 231 degrees-270 degrees 0.46 0.37 0.17
Inferotemporal, 271 degrees-310 degrees 0.53 0.51 0.65

OCT indicates optical coherent tomography; RNFL, retinal nerve fiber layer.

by Stratus OCT in the inferonasal sector. Although a good
agreement was found for all parameters, Bland-Altman
plots showed that for thinner RNFL thicknesses, Stratus
measurements tend to be thinner than Cirrus, whereas for
thicker RNFL thicknesses, Stratus measurements tend to be
thicker than Cirrus. We suggest that the RNFL thickness
measured by the Stratus OCT can not be transferred to
Cirrus HD-OCT thickness measurements because of this
discrepancy.

In this study, glaucoma was defined on the basis of
structure and VF loss. We wanted to investigate the local
structure-function associations. To facilitate this procedure,
we included patients with glaucomatous optic neuropathy
with VF loss and normal participants with a perfectly normal
RNFL without VF loss. The patients with preperimetric
glaucoma were excluded from this study. Therefore, we could
not find any superiority Cirrus HD-OCT than Stratus OCT
in finding RNFL defects.

In our study, 1 examiner scanned each patient on the
same 2 instruments during a single day. As eye position
relative to the scanning circle can affect the RNFL profile,
it is important to keep the scan circle within a consistent
location to make serial assessments using the Stratus
OCT.!2 As the Cirrus HD-OCT uses a different data-
acquisition process that has a considerably higher scan
speed, it can be used to obtain 3-dimensional data sets. The
Cirrus HD-OCT uses this data set to locate the center of the
optic disc and then draws a circle with a 1.73-mm radius.
The Cirrus HD-OCT has a theoretical advantage over
Stratus OCT in terms of scan registration. The scan
registration process carried out by the Cirrus algorithms
is fully automated, reducing the likelihood of operator
error. We assumed that there was good eye fixation during
the RNFL measurements using the Stratus OCT device in
all of our participants. However, as we excluded partici-
pants with scans that had signal strengths less than 6, we
cannot definitively draw any generalized conclusions that
apply to all participants, including those with poor signal
strengths.

Kanamori et al'® reported finding significant correla-
tions between the VFS at individual test points and in
several of the RNFL sectors when using the Stratus OCT
for measurements. Leung et al* recently reported that there
was no significant difference in the strength of the structure-
function association between Cirrus HD-OCT and Stratus
OCT (average RNFL thickness and visual field MD). With
the exception of the nasal sector, we found that the strength
of the structure-function association was similar between
Cirrus HD-OCT and Stratus OCT in our study. Both
instruments measure RNFL thickness at a diameter of
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3.46mm. Glaucomatous structural changes of the RNFL
usually occur first in the inferotemporal and superotempo-
ral areas, with corresponding functional VF losses occur-
ring first in the so-called Bjerrum areas of the upper and
lower hemifields. Therefore, VFS might be more closely
related to the inferotemporal and superotemporal RNFL
thickness as opposed to the temporal and nasal RNFL
thickness. However, it is very difficult to estimate the
structure-function relationship at the nasal area adjacent to
the optic disc owing to the paucity of test points on SAP at
the temporal regions adjacent to the blind spot.

In conclusion, a significant association with the VFS
was noted for both Cirrus HD-OCT and Stratus OCT when
used to measure sectoral RNFL thickness. Further longi-
tudinal studies will be needed to determine the applicability of
using the structure-function association to describe glaucoma
progression.
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Success Rates of Trabeculotomy for Steroid-Induced
Glaucoma: A Comparative, Multicenter, Retrospective
Cohort Study

KENICHIRO IWAO, MASARU INATANI, AND HIDENOBU TANIHARA, ON BEHALF OF THE JAPANESE
STEROID-INDUCED GLAUCOMA MULTICENTER STUDY GROUP

® PURPOSE: To evaluate the surgical outcomes of trabe-
culotomy for steroid-induced glaucoma.

® DESIGN: Multicenter, retrospective cohort study.

® METHODS: At 17 Japanese clinical centers, 121 ste-
roid-induced glaucoma patients who underwent trabecu-
lotomy between 1997 and 2006 were reviewed. Surgical
failure was defined by the need for additional glaucoma
surgery, deterioration of visual acuity to no light percep-
tion, or intraocular pressure =21 mm Hg (criterion A)
and =18 mm Hg (criterion B). Surgical outcomes were
compared with those of 108 primary open-angle glau-
coma (POAG) patients who underwent trabeculotomy
and 42 steroid-induced glaucoma patients who under-
went trabeculectomy. Prognostic factors for failure were
evaluated using the Cox proportional hazards model.

® RESULTS: The probabilities of success at 3 years for
trabeculotomy for steroid-induced glaucoma vs trabecu-
lotomy for POAG was 78.1% vs 55.8% for criterion A
(P = .0008) and 56.4% vs 30.6% for criterion B (P <
.0001), respectively. At 3 years, the success of trabecu-
lotomy for steroid-induced glaucoma was comparable to
trabeculectomy for steroid-induced glaucoma for crite-
rion A (83.8%; P = .3636), but lower for criterion B
(71.6%; P = .0352). Prognostic factors for failure of
trabeculotomy for steroid-induced glaucoma were previ-
ous vitrectomy (relative risk [RR] = 5.340; P = .0452 on
criterion A, RR = 3.898; P = .0360 for criterion B) and
corticosteroid administration other than ocular instillation
(RR = 2.752; P = .0352 for criterion B).

® CONCLUSIONS: Trabeculotomy is effective for control-
ling intraocular pressure <21 mm Hg in steroid-induced
glaucoma eyes. (Am ] Ophthalmol 2011;151:
1047-1056. © 2011 by Elsevier Inc. All rights reserved.)
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TEROID-INDUCED GLAUCOMA IS A FORM OF OPEN-

angle glaucoma associated with various modalities of

corticosteroid administration such as oral, intrave-
nous, inhaled, ocular instilled, intravitreal, and periocular.!~¢
Some histologic studies have reported the accumulation of
extracellular matrices including basement membrane—like
material,” fine fibrillar-like material,® or proteoglycans’ in
the trabecular meshwork of steroid-induced glaucoma pa-
tients. These observations suggest that such accumulation
could lead to an increased resistance to aqueous outflow in
the trabecular meshwork of steroid-induced glaucoma pa-
tients.

Surgical procedures for intraocular pressure (IOP) reduc-
tion in eyes with steroid-induced glaucoma include trab-
eculectomy,”!®!! trabeculotomy,*!2 viscocanalostomy,
and laser trabeculoplasty.'*~*® Although several case series
have shown that these surgeries are effective for IOP
reduction, surgical outcomes for steroid-induced glaucoma
are not fully understood due to lack of large case-control
studies aiming to investigate the success rates of trabecu-
lotomy in steroid-induced glaucoma eyes. It has previously
been reported that trabeculotomy more effectively reduces
IOP in adult Japanese patients with exfoliative glaucoma
than primary open-angle glaucoma (POAG).Y This IOP-
lowering effect in eyes with exfoliative glaucoma is
thought to be attributable to the relief of abnormally
increased outflow resistance that was induced by the
accumulation of exfoliative material within the trabecular
meshwork.

For the same reason, trabeculotomy has been the surgi-
cal procedure of choice for adult patients with steroid-
induced glaucoma among Japanese surgeons.?® We previously
showed that trabeculotomy helped to reduce IOPs to 21 mm
Hg or less in 14 Japanese patients with steroid-induced
glaucoma.'” However, large-scale, comparative clinical data
remain elusive on, for example, whether trabeculotomy is
more effective for steroid-induced glaucoma than POAG,
whether trabeculotomy for steroid-induced glaucoma offers
better IOP management than other surgeries such as
trabeculectomy with mitomycin C (MMC), or which
characteristics of patients with steroid-induced glaucoma
exhibit better prognosis after trabeculotomy. To evaluate
the surgical outcomes of trabeculotomy for steroid-induced
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TABLE, 1. Patients With Steroid-lnduced;G‘lau“coma and Primary Qp‘ekn-/VV\ingle Glaucoma who Underwent Trabeculotorny

POAG-LOT, n (%)

SIG-LOT, n (%) SIG-LET, n (%)
n=121) (n = 42) P Value (n = 108) P Value
Female 62 (51.2) 26 (61.9) 2327 38(35.2) .014?
Right eye 62 (51.2) 22 (52.4) .8997 50 (46.3) 4552
Age (years), mean = SD 38.4+17.6 42.3 +17.9 .153° 45.2 +15.0 .001»
Preoperative IOP (mm Hg), mean = SD 38.1 £10.0 35.6 = 8.3 .169° 28.9+84 <.001%
Combined sinusotomy 20 (16.5) — — 33 (30.6) .0122
Previous cataract surgery 7 (14.0) 4(9.5) .626° 5(4.6) .029°
Previous vitrectomy 6 (5.0) 0(0.0) .320° 0(0.0) .054¢
Diabetic mellitus 13(10.7) 6(14.3) .736° 10(9.3) 7097
Hypertension 18 (14.9) 8(19.0) .695° 15 (13.9) .832¢
Cause of corticosteroid use
Atopic dermatitis 21 (17.4) 4(9.5) .335°
Uveitis 25 (20.7) 11 (26.2) 4577
Collagen disease 37 (30.6) 17 (40.5) 2407
Route of administration
Ocular instillation only 17 (14.0) 12 (28.6) 5912
Posterior sub-Tenon’s injection of TA 3(10.7) 1(.4) .178°
Intravitreal injection of TA 0 8.3) 0(0.0) J21¢
Oral administration 72 (59.5) 26 (61.9) .7842
Intravenous administration 3(2.5) 2(4.8) .826°
Corticosteroid administration for more
than 3 months after surgery 68 (56.2) 25 (59.5) .708°

IOP = rntraocu|ar pressure POAG LOT = pnmary open-ang!e glaucoma patrents who underwent trabeculotomy, SD = standard devratron,

SIG-LET = - steroid-induced glaucoma patlents who underwent trabeculectomy wrth mrtomycm C SIG LOT
| patients who underwent trabeculotomy, TA = trramcmolone acetonrde o : S

- 2P values are based on the x? for mdependence test.”
- PP values are based-on Mann- -Whitney U test.

= sterord-rnduced g(aucoma

°P va!ues are based on the X2 for mdependence test wrth Yates correctuon

glaucoma, we retrospectively reviewed clinical charts at 17
clinical centers in Japan.

METHODS

® PATIENT SELECTION AND SURGICAL PROCEDURES: We
retrospectively reviewed the medical records of patients
with steroid-induced glaucoma who underwent trabecu-
lotomy or trabeculectomy with MMC and those with
POAG who underwent trabeculotomy between January 1,
1997, and December 31, 2006, at the following 17 clinical
centers in Japan: Kumamoto University Hospital (Ku-
mamoto), Niigata University Medical and Dental Hospital
(Niigata), University of Tokyo Hospital (Tokyo), Kanazawa
University Hospital (Kanazawa), Gifu University Hospital
(Gifu), Kagawa University Hospital (Miki), University of
Yamanashi Hospital (Chuo), Tohoku University Hospital
(Sendai), Ryukyu University Hospital (Nishihara), Kyoto
Prefectural University Hospital (Kyoto), Kagoshima Uni-
versity Medical and Dental Hospital (Kagoshima), Kyoto
University Hospital (Kyoto), Nagoya City University Hos-
pital (Nagoya), Saga University Hospital (Saga), Kobe
University Hospital (Kobe), Hiroshima University Hos-
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pital (Hiroshima),
(Kumamoto).

Eyes that presented with an IOP =22 mm Hg while on
ocular hypotensive medications before surgery were in-
cluded in this study. Steroid-induced glaucoma eyes were
defined as open-angle eyes with an IOP elevation =22 mm
Hg after the administration of corticosteroid. If both eyes
underwent glaucoma surgeries, the eye that was treated
first was investigated. Exclusion criteria were as follows:
eyes with a history of previous glaucoma surgery, eyes that
had undergone intraocular surgery up to 3 months before
trabeculotomy or trabeculectomy, steroid-induced glau-
coma eyes in the active phase of uveitis, eyes associated
with IOP =22 mm Hg before corticosteroid administration
in the medical records, and eyes that underwent combined
glaucoma and cataract surgeries.

The technique of trabeculotomy performed in this study
has been described previously.'® In brief, after conjunctival
incision, a 4 X 4-mm square or triangular scleral flap at
four-fifths thickness was created at the corneal limbus.
After identification of the Schlemm’s canal, its outer wall
was cut with a razor blade and excised with fine scissors.
U-shaped probes were then inserted into both ends of the
opened canal and rotated 90 degrees against the trabecular

and NTT West Kyushu Hospital
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FIGURE 1. Criterion A~based Kaplan-Meier survival curves of surgical outcomes in patients with steroid-induced glaucoma (solid
line) vs primary open-angle glaucoma (POAG; dotted line) that underwent trabeculotomy. The steroid-induced glaucoma eyes had
a significantly higher cumulative probability of success than the POAG eyes (P = .0008).

meshwork. Rotation of these probes achieved 120-degree
opening of the trabecular meshwork. The scleral flap was
closed with 1 to 7 10-0 nylon sutures until the wound
became watertight.

During trabeculotomy, some cases were combined with a
sinusotomy, based upon the procedure of Mizoguchi and
associates,”' which made 1 or 2 sites of 1-mm-diameter
sclerotomy with a punch through the scleral flap before
closure with 10-0 nylon sutures. Trabeculectomy was
performed according to a modification of the technique
developed by Cairns.”? Conjunctiva incisions included
limbal-based and fornix-based procedures. After the cre-
ation of a scleral flap, sponges soaked with MMC (0.4
mg/mL) were applied to the posterior surface of the
conjunctiva, Tenon’s capsule, the adjacent episcleral tis-
sue, and the scleral flap for 2 to 5 minutes, followed by
irrigation with balanced salt solution. A trabecular block
was excised to create a fistula in the anterior chamber, and
peripheral iridectomy was then performed. The scleral flap
was closed with 10-0 nylon sutures while the conjunctival
flap was sutured with 10-0 nylon or 7-0 silk. All patients
were required to sign informed consent forms before
surgery.

® MAIN OUTCOME MEASURE: The main outcome mea-
sure was the probability of success in the Kaplan-Meier
survival-curve analysis. Before data analysis, surgical failure
was defined by the following IOP levels, with or without
ocular hypotensive medications, which were verified at the
next visit: criterion A, IOP =21 mm Hg; criterion B, IOP
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=18 mm Hg. IOP data that were examined using a
Goldmann applanation tonometer were collected from
patients’ medical records. IOPs that corresponded to cri-
teria A and B up to 3 months after surgery were not
considered a surgical failure because of the occurrence of
postoperative IOP fluctuations after trabeculotomy.'® If
additional glaucoma surgery was performed, or visual acu-
ity deteriorated to an absence of light perception, the eye
was regarded as a surgical failure for both criteria.

We compared the surgical outcomes between the ste-
roid-induced glaucoma with trabeculotomy group and the
POAG with trabeculotomy group, and between the ste-
roid-induced glaucoma with trabeculotomy group and the
steroid-induced glaucoma with trabeculectomy group. To
determine potential risk factors for surgical failure of
steroid-induced glaucoma after trabeculotomy, the follow-
ing variables were assessed: gender, age, pseudophakia,
previous vitrectomy, route of corticosteroid administration
(ocular instillation, intravitreal injection, posterior sub-
Tenon’s injection, or systemic administration), duration of
corticosteroid administration after glaucoma surgery, rea-
son for corticosteroid use (collagen disease, atopic derma-
titis, or uveitis), sinusotomy, previous cataract surgery, and
baseline IOP. These factors were analyzed statistically in
the steroid-induced glaucoma with trabeculotomy group
with criteria A and B. Data on postoperative complica-
tions were also collected from the medical records.

® STATISTICAL ANALYSIS: Data analysis was performed
using the JMP version 8 statistical package program (SAS
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FIGURE 2. Criterion B—~based Kaplan-Meier survival curves of surgical outcomes in patients with steroid-induced glaucoma (solid
line) vs primary open-angle glaucoma (POAG; dotted line) that underwent trabeculotomy. The steroid-induced glaucoma eyes had
a significantly higher cumulative probability of success than the POAG eyes (P < .0001).

TABLE 2 Cox Proportional Hazards Model Determmnng kaehhood of Surgloat Outcomes for Patlents Wnth Stermd lnduced
Giaucoma and anary Open—Angle Glaucoma who Underwent Trabeculotomy

Criterion A Criterion B

Variable RR 95% ClI P Value RR 95% Ci P Value
Steroid-induced glaucoma 0.409 0.223-0.735 .0027 0.451 0.286-0.706 .0005
Age (per year) 0.999 0.982-1.015 .8917 1.007 0.995-1.019 .2408
Preoperative |IOP (per mm Hg) 1.004 0.977-1.029 7557 0.993 0.972-1.013 5115
Female 0.761 0.451-1.260 2911 0.895 0.468-1.021 .0639
Previous cataract surgery 2.105 0.823-4.681 1132 1.627 0.784--3.084 .1804
Combined sinusotomy 1.054 0.575-1.847 .8600 0.839 0.526-1.300 4399

Gl = confidence interval; IOP. =

intraocular pressure; RR = relative risk.

Institute, Cary, North Carolina, USA). Comparisons of
the outcomes between the steroid-induced glaucoma with
trabeculotomy group and the POAG with trabeculotomy
group, as well as between the steroid-induced glaucoma
with trabeculotomy group and the steroid-induced glau-
coma with trabeculectomy group, were analyzed by the
Kaplan-Meier survival curve and the log-rank test. To
assess prognostic factors of steroid-induced glaucoma with
trabeculotomy in univariate analysis, Kaplan-Meier survival-
curve analysis and the log-rank test were used. To confirm
the effects of prognostic factors and to identify the relative
risk (RR) of surgical failure, multivariate prognostic factor
analysis was performed with the Cox proportional hazards
model. Multivariate factors were selected from variants
with a probability (P) value of less than .15 shown by
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univariate analysis. A P value less than .05 was considered
statistically significant.

RESULTS

® PATIENT CHARACTERISTICS: In total, 163 patients
(163 eyes) with steroid-induced glaucoma and 108 patients
(108 eyes) with POAG satisfied the study criteria. All
eligible patients were Japanese. Of the 163 eyes with
steroid-induced glaucoma, 121 were included in the ste-
roid-induced glaucoma with trabeculotomy group and 42
were included in the steroid-induced glaucoma with trab-
eculectomy group. Table 1 lists the characteristics of the
enrolled patients.
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The steroid-induced glaucoma with trabeculotomy | female patients (P = .014), a higher number of previous
group was significantly younger (P= .001) and had a | cataract surgeries (P = .029), and a lower number of
higher preoperative IOP (P < .001), a higher number of | combined sinusotomies (P = .012) than the POAG with
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TABLE 3. Influence Qf“"P'rb'gnostic Fayc'tojrékbn, Survival Time of StéroidQI'ndubed Glaucoma
' - Patients who Underwent Trabeculotomy ' ‘

Criterion A Criterion B
Number of 80% Survival 80% Survival
Variable Patients Time (Days) P Value? Time (Days) P value®
Gender 1779 0422
Female 62 >3850 305
Male 59 385 146
Age (years) .9040 2458
<30 51 852 206
=30 70 916 181
Preoperative IOP (mm Hg) 7443 4387
<40 79 181 181
=40 42 840 200
Diabetes mellitus .1936 .0848
Yes 13 146 96
No . 108 816 291
Hypertension .9394 9915
Yes 18 >2148 291
No 103 852 195
Combined sinusotomy 2416 .9270
Yes 20 146 120
No 101 916 260
Previous cataract surgery .0055 .1829
Yes 17 49 49
No 104 1732 272
Previous vitrectomy <0.0001 .0050
Yes 6 10 10
No 115 1742 260
Cause of corticosteroid use
Collagen disease 3397 .9248
Yes 37 750 195
No 84 1732 200
Atopic dermatitis .9929 2449
Yes 21 278 162
No 100 852 195
Uveitis 4674 7942
Yes 25 >2519 177
No 96 840 200
Route of steroid administration
Qcular instillation only .6968 .1204
Yes 17 1732 1286
No 104 852 181
Posterior sub-Tenon’s 9546 .3239
injection of TA
Yes 13 >1339 >1339
No 108 916 200
Intravitreal injection of TA 1843 4379
Yes 10 49 49
No 111 916 206
Oral administration 7412 .6920
Yes 72 840 181
No 49 1732 272
Intravenous administration 4050 .1883
Yes 3 >1580 >1580
No 118 852 195
Continued on next page
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TABLE 3 inﬂuence of Prognostlc Factors on Survrval Time of Stercud lnduced Glaucoma
o Pat:ents who Underwent Trabecu!otomy (Contlnued)

Criterion A Criterion B
Number of 80% Survival 80% Survival
Variable Patients Time (Days) P value? Time (Days) P Value?
Postoperative corticosteroid .1987 .7335
administration
>3 months 68 <3850 195
=3 months 53 372 200

E "IOP mtraocular pressure TA = triamcinolone acetonide.

" “The P values are based on the log -rank test

trabeculotomy group. However, there were no significant
differences in patient characteristics between the steroid-
induced glaucoma with trabeculotomy group and the
steroid-induced glaucoma with trabeculectomy group.

® STEROID-INDUCED GLAUCOMA VS POAG: The mean
follow-up periods were 38.4 = 28.7 months in the steroid-
induced glaucoma with trabeculotomy group and 49.8 +
37.2 months in the POAG with trabeculotomy group (P =
0.010). Kaplan-Meier survival-curve analyses of the ste-
roid-induced glaucoma with trabeculotomy group and the
POAG with trabeculotomy group for criteria A and B are
presented in Figures 1 and 2, respectively. The steroid-
induced glaucoma with trabeculotomy group had a signif-
icantly higher cumulative probability of success for criteria
A (P = .0008) and B (P < .0001). For criterion A, the
probabilities of success 1, 2, 3, and 5 years after trabecu-
lotomy in the steroid-induced glaucoma with trabecu-
lotomy group and the POAG with trabeculotomy group
were as follows: 86.5% vs 73.2%, 83.5% vs 63.0%, 78.1%
vs 55.8%, and 73.5% vs 52.2%, respectively. For criterion
B, the probabilities of success 1, 2, 3, and 5 years after
trabeculotomy in the steroid-induced glaucoma with tra-
beculotomy group and the POAG with trabeculotomy
group were as follows: 74.6% vs 44.7%, 66.1% vs 33.0%,
56.4% vs 30.6%, and 51.7% vs 27.5%, respectively. The
number of eyes classified as surgical failures in the steroid-
induced glaucoma with trabeculotomy group and the
POAG with trabeculotomy group were 22/121 (18.2%) vs
45/108 (41.7%) for criterion A and 42/121 (34.7%) vs
73/108 (67.6%) for criterion B, respectively.

Since there were significant differences between the
preoperative data of the steroid-induced glaucoma with
trabeculotomy group and the POAG with trabeculotomy
group, a Cox proportional hazards model including age,
preoperative IOP, gender, previous cataract surgery, and
combined sinusotomy was performed (Table 2). The mul-
tivariate model suggested that trabeculotomy in steroid-
induced glaucoma eyes was independently associated with
a better prognosis when compared with the same procedure
in POAG eyes, even after adjusting for confounding
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TRABECULOTOMY FOR STEROID-INDUCED GLAUCOMA

factors (criterion A, RR = 0.409, P = .0027; criterion B,
RR = 0451, P = .0005).

¢ TRABECULOTOMY VS TRABECULECTOMY: The mean
follow-up period in the steroid-induced glaucoma with
trabeculectomy group was 37.1 * 31.8 months (38.4 +
28.7 months in the steroid-induced glaucoma with trabe-
culotomy group, P = .808). The Kaplan-Meier survival-
curve analysis between the steroid-induced glaucoma with
trabeculotomy group and the steroid-induced glaucoma
with trabeculectomy group for criteria A and B are
presented in Figures 3 and 4, respectively. No significant
difference was found between the 2 groups for criterion A
(P = .3636). The probabilities of success 1, 2, 3, and 5
years after surgery in the steroid-induced glaucoma with
trabeculectomy group for criterion A were 97.6%, 94.3%,
83.8%, and 74.5%, respectively. The number of eyes
classified as surgical failures in the steroid-induced glau-
coma with trabeculectomy group was 5 (11.9%) for crite-
rion A. However, the steroid-induced glaucoma with
trabeculectomy group showed a significantly higher cumu-
lative probability of success for criterion B (P = .0352).
The probabilities of success 1, 2, 3, and 5 years after surgery
in the steroid-induced glaucoma with trabeculectomy
group for criterion B were 94.5%, 87.7%, 71.6%, and
71.6%, respectively. The number of eyes classified as
surgical failures in the steroid-induced glaucoma with
trabeculectomy group was 7 (16.7%) for criterion B.

® PROGNOSTIC FACTORS FOR FAILURE OF TRABECU-
LOTOMY FOR STEROID-INDUCED GLAUCOMA EYES:
The potential prognostic factors influencing survival time
are listed in Table 3. Univariate analysis showed previous
cataract surgery (P = .0055) and previous vitrectomy (P <
.0001) to be significant prognostic factors for criterion A,
and male gender (P = .0422) and previous vitrectomy (P =
.0050) for criterion B. Diabetes mellitus (P = .0848) and
ocular instillation of corticosteroid (P = .1204) were the
factors with a P value of less than .15 for criterion B. The
Cox proportional hazards model including these variables
revealed that prognostic factors for surgical failure were
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TABLE 4. Cox Proportlona! Hazards ‘Model on Cntena Aand B, Determmmg leehhood of Surglcal Outcomes for All 121
Pataents With Sterond Induced Glaucoma who Underwent Trabeculotomy :

Criterion A Criterion B
Variable RR 95% Cl P Value RR 95% Cl P Value

Previous cataract surgery 1.614 0.255-5.688 .5488 —_
Previous vitrectomy 5.340 1.037-38.655 0452 3.898 1.108-10.688 .0360
Male — 1.783 0.938-3.414 .0774
Diabetes mellitus _— 1.871 0.754-4.018 .1632
Corticosteroid administration other

than ocular instillation —_ 2.752 1.065-9.426 .0352

Cl = confidence interval; IOP. = intraocular pressure; RR = relative risk.

previous vitrectomy (RR = 5.340, P = .0452 for Several studies have demonstrated surgical results for

criterion A; RR = 3.898, P = .0360 for criterion B) and
corticosteroid administration other than ocular instilla-
tion (RR = 2.752, P = .0352 for criterion B) (Table 4).

® POSTOPERATIVE COMPLICATIONS: In the steroid-in-
duced glaucoma with trabeculectomy group, choroidal
detachment occurred in 2 eyes (4.8%), flat anterior cham-
ber requiring anterior chamber reformation occurred in 1
eye (2.4%), and hypotony maculopathy occurred in 7 eyes
(16.7%). None of these complications occurred in either
the steroid-induced glaucoma with trabeculotomy group or
the POAG with trabeculotomy group. The progression of
postoperative cataracts was observed in 9 eyes (7.4%) of
the steroid-induced glaucoma with trabeculotomy group, 1
eye {(0.9%) of the POAG with trabeculotomy group, and 4
eyes {9.5%) of the steroid-induced glaucoma with trabecu-
lectomy group. No eyes encountered postoperative infec-
tious blebitis or endophthalmitis.

DISCUSSION

THIS STUDY COMPARED THE SUCCESS RATES OF TRABECU-
lotomy for steroid-induced glaucomatous eyes with those
for trabeculectomy for steroid-induced glaucoma eyes, and
for trabeculotomy for POAG eyes. Trabeculotomy showed
a significantly higher cumulative probability of success in
steroid-induced glaucoma patients than POAG patients
for both criterion A (P = .0008) and criterion B (P <
.0001). The probability of success in steroid-induced glau-
coma eyes treated with trabeculotomy was comparable to
that in steroid-induced glaucoma eyes treated with MMC
trabeculectomy for criterion A (P = .3636), but was
significantly lower for criterion B (P = .0352). Significant
prognostic factors for surgical failure of trabeculotomy in
steroid-induced glaucoma patients were previous vitrec-
tomy for criteria A (RR = 5.340, P = .0452) and B
(RR = 3.898, P = .0360), and corticosteroid treatment
other than ocular instillation for criterion B (RR =

2.752, P = .0352).
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steroid-induced glaucoma patients,!®1113-13:17:23-27 Eqp

example, Sihota and associates' reported that 9 eyes with
steroid-induced glaucoma that required trabeculectomy
with MMC showed normal IOP levels after surgery. Sev-
eral reports'"**77 demonstrated that filtering surgery was
successful for IOP management in steroid-induced glauco-
matous eyes after intravitreal injection of triamcinolone
acetonide. Krishnan and associates'? found that all of 3
eyes with triamcinolone-induced IOP elevation were suc-
cessfully treated with viscocanalostomy. For laser trabecu-
loplasty, Ricci and associates'* and Viola and associates'’
reported that argon laser trabeculoplasty was effective in
all cases in their studies, and selective laser trabeculoplasty
was shown to lower IOP in 5 of 7 eyes.!” However, these
reports on surgical treatment for steroid-induced glaucoma
included only a small number of cases and lacked control
groups and details of long-term prognosis. Our previous
study lacked control groups but showed that trabeculotomy
reduced IOPs to 21 mm Hg or less in 14 eyes with
steroid-induced glaucoma.'? To our knowledge, our pres-
ent multicenter study reports on the largest number of
steroid-induced glaucoma patients.

Trabeculotomy showed a better prognosis in steroid-
induced glaucoma eyes than POAG eyes in the present
study. The accumulation of extracellular matrices in tra-
becular meshwork has been believed to cause increased
outflow resistance of the aqueous humor in steroid-induced
glaucoma patients. This is because histochemical data
demonstrate abnormally accumulated extracellular matri-
ces such as type 1V collagen, heparin sulfate, proteoglycan,
and fibronectin in the trabecular meshwork of steroid-
induced glaucoma patients.” Because the main target of
trabeculotomy for IOP reduction is the relief of outflow
resistance in the trabecular meshwork, the consistency
between the surgical target and the pathologic lesion
might explain the effectiveness of surgery for steroid-
induced glaucoma eyes.

The surgical success of trabeculotomy for steroid-in-
duced glaucoma was comparable to the success of MMC
trabeculectomy for steroid-induced glaucoma for criterion
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A. Trabeculectomy has a potential risk of late-onset
infection of the filtering bleb.?*>! A previous multicenter
case-control study suggested that the use of systemic
corticosteroid and juvenile-onset glaucoma should be in-
cluded among the risk factors for late-onset infection after
filtering surgery.”* Moreover, younger patients are more
susceptible to steroid-induced IOP elevation.*3** Trabe-
culotomy might be more beneficial for younger patients
with steroid-induced glaucoma, from the viewpoint of
late-onset infection, than trabeculectomy because of the
nonfiltering surgery.

Trabeculectomy had a significantly higher probability of
success than trabeculotomy using criterion B in the present
study. Thus, many steroid-induced glaucoma eyes treated
with trabeculotomy had postoperative IOPs of 18 to 20
mm Hg, which might be too high to prevent progressive
visual field changes for glaucomatous eyes with advanced
progressive visual field defects. The Advanced Glaucoma
Intervention Study’” found that visual field loss in eyes
with advanced open-angle glaucoma progresses further if
postoperative [OP of 18 mm Hg or higher is more frequent.
These findings imply that trabeculectomy rather than
trabeculotomy is more favorable for controlling IOP in
steroid-induced glaucoma eyes with advanced visual field
loss.

Even when other types of glaucoma are included, the
prognostic factors for the surgical failure of trabeculotomy
have not been sufficiently identified. Our previous report
indicated that higher preoperative IOP results in poorer
prognosis in eyes with POAG or exfoliative glaucoma.'’
Higher preoperative IOP might reflect the severity of
glaucoma, resulting in a poorer response to reduce IOP.
The present study showed that higher preoperative IOP
was not a prognostic factor for surgical failure of trabecu-
lotomy for steroid-induced glaucoma, while corticosteroid
administration other than ocular instillation was shown to
be a prognostic factor in criterion B. These data might

reflect the fact that the severity of steroid-induced glau-
coma depends on the route of corticosteroid administra- -
tion rather than the preoperative IOP levels. In addition,
previous vitrectomy was a prognostic factor for surgical
failure for both criteria. Although we have no conclusive
explanation, it is conceivable that vitrectomy causes the
elevation of inflammatory factors or growth factors in the
aqueous humor. Vitrectomized eyes might lead to recurrent
fibrosis in the outflow pathway of the trabecular meshwork
that was created by the trabeculotomy.

This study had some limitations caused by the retrospec-
tive design. First, the selection bias of the type of surgery
performed for steroid-induced glaucoma eyes might have
affected the surgical result. In fact, all 6 vitrectomized eyes
were treated with trabeculotomy. Because of conjunctival
scarring after vitrectomy, trabeculotomy rather than trab-
eculectomy might have been the surgery of choice for
vitrectomized eyes. Second, as higher IOP is a prognostic
factor for failure of trabeculotomy for POAG eyes,®
POAG patients with higher IOP might have been treated
with trabeculectomy rather than trabeculotomy; this might
have increased the cumulative probability of success in
POAG with trabeculotomy.

In conclusion, this study demonstrates that trabecu-
lotomy might be more effective for steroid-induced glau-
coma eyes than POAG eyes. Moreover, the surgical success
in steroid-induced glaucoma eyes is comparable to the
outcome of trabeculectomy unless more substantial IOP
reduction is necessary, in which case trabeculectomy
would be a better option. IOP reduction of steroid-induced
glaucoma patients with previous vitrectomy or with corti-
costeroid administration other than ocular instillation
might be more resistant to trabeculotomy. Trabeculotomy
should be considered as an option for the surgical manage-
ment of steroid-induced glaucoma, although future pro-
spective studies are necessary to validate our findings.
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Abstract

Purpose To investigate the protective effects of p-allose,
a rare sugar, on pressure-induced ischemia during vitrec-
tomy in the rabbit eye.

Methods The rabbits underwent pars plana vitrectomy,
and continuous intraocular irrigation at a perfusion pres-
sure of 140 mmHg was performed for 45 min. Intraocular
pressure was regulated by adjusting the height of a bottle of
balanced saline solution containing p-allose. Morphometric
studies were performed to study the effects of p-allose on
the histological changes induced by ischemia in the rabbit
retina. Electroretinograms (ERGs) were taken before and 1
and 7 days after vitrectomy. Nitroblue tetrazolium was
used as an index of superoxide anion (O3") generation.
Data were analyzed by use of the unpaired Student’s # test.
Results Seven days after ischemia, significant reductions
in both number of ganglion cells and the thickness of the
inner plexiform layer were observed. p-Allose significantly
inhibited ischemic injury of the inner retina (P < 0.05). On
postoperative day 7, amplitudes of ERG b-waves were
significantly lower in the control group than in the p-allose
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group (P < 0.05). p-Allose suppressed the production of
(67

Conclusions Intraocular irrigation with p-allose during
vitrectomy may protect the retina against ischemia-induced
damage.

Keywords p-Allose - Neuroprotection - Retinal
ischemia - Superoxide anion - Vitrectomy

Introduction

Rare sugars are monosaccharides that exist in nature in
limited quantities only. Whereas naturally abundant
monosaccharides such as p-glucose and p-fructose are
few in number, more than 50 kinds of rare sugars have
been identified. p-Allose is a rare aldo-hexose sugar
produced from D-psicose by enzymes from microorgan-
isms [1]. Murata et al. [2] examined the scavenging
activity of p-allose using electron spin resonance. They
showed that p-allose inhibits the production of reactive
oxygen species (ROS) in a dose-dependent manner. Fur-
thermore, we recently reported that p-allose might protect
neurons against retinal ischemia-reperfusion injury by
reducing extracellular glutamate and attenuating oxida-
tive stress [3].

Improvements in the techniques of pars plana vitrec-
tomy (PPV) have resulted in better prognosis for vision-
threatening eye diseases such as macular hole, epiretinal
membrane, retinal detachment, and proliferative diabetic
retinopathy (PDR). However, optic nerve atrophy after
successful PPV for diabetic retinopathy is one of the most
serious complications and can lead to blindness [4].
Because the extent of autoregulation in the retina and optic
nerve head is limited, high infusion pressures during
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vitreous surgery may cause retinal ischemia and lead to
damage of the retina and optic nerve.

During or after ischemia, ROS such as hydrogen per-
oxide (H0,), superoxide anion (O5") and hydroxyl radical
(OH™) can be produced in large quantities and act as
cytotoxic metabolites. ROS have been implicated in the
process of apoptosis, because treatment of cells with ROS
can result in this form of cell death, whereas application of
antioxidants can prevent it under some conditions [5, 6].
ROS scavengers have been shown to be neuroprotective
against ischemia in acute experimental models [7].

The purpose of this study was to investigate the pro-
tective effects of p-allose on pressure-induced ischemia
during vitrectomy in the rabbit eye.

Materials and methods
Animals

Female New Zealand White rabbits, weighing 2.0-2.4 kg,
were obtained from Kitayama Labs KK (Nagano, Japan).
The rabbits were anesthetized by intraperitoneal injection
of ketamine (50 mg/kg) and xylazine (10 mg/kg). Animal
care and experiments followed the standard guidelines for
animal experimentation of Kagawa University Faculty
of Medicine and adhered to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.
The animals were divided into two groups according to the
intraocular irrigating solutions they received: the vehicle
group, using a balanced saline solution (BSS) alone, and the
p-allose group, using BSS + p-allose (2%).

Vitrectomy and subsequent vitreous perfusion

A 250-ml bottle of intraocular irrigating solution (BSS;
Alcon Laboratories, Fort Worth, TX, USA) was sus-
pended approximately 100 cm above the eye level of
each rabbit, and connected to a 20-gauge infusion can-
nula through a 200-cm-long tube. The infusion cannula
was inserted through the sclerotomy in the inferonasal
quadrant 3 mm posterior to the limbus, and sutured in
place. A vitreous cutter (MVS XX; Alcon) was placed
through the sclerotomy in the supratemporal quadrant,
and vitrectomy was then performed for 10 min. The
vitreous cavity was irrigated during vitrectomy either
with BSS alone or with BSS + p-allose. Adequate illu-
mination was provided by a paraxial light operation
microscope without intraocular fiberoptic illumination. If
retinal tear or retinal detachment occurred during vit-
rectomy, those animals were excluded from the experi-
ment. After completion of the vitrectomy, the cutter was

removed and the sclerotomy wound was tightly sutured
using a 7-0 vicryl. Intraocular pressure (IOP) was raised
to 140 mmHg for 45 m by elevating the solution bottle.
Retinal ischemia was confirmed by whitening of the
fundus. Rectal temperature was monitored throughout
the surgery. Because body temperature during vitrectomy
in acute ischemic eyes may affect ischemia-induced
retinal damage [8, 9], rectal and tympanic temperature
was maintained at approximately 37°C by use of a
feedback-controlled heating pad (BRC, Nagoya, Japan)

~during the operation. After restoration of blood flow, the

temperature was continuously maintained at 37°C. Eyes
were treated topically with levofloxacin (Santen Phar-
maceutical, Osaka, Japan) after surgery to prevent post-
operative infection.

Electroretinograms (ERGs)

Before surgery, ERG responses were measured after
20 min of dark adaptation using a recording device Mayo,
Aichi, Japan). The procedure was repeated on postopera-
tive days 1 and 7. ERGs were recorded by positioning the
rabbit in a box and placing a xenon lamp 15 cm in front of
the eye. A flash of maximum intensity 20 J provided
photostimulation. A contact lens electrode was placed on
the cornea, and a reference electrode subcutaneously at the
vertex. ERGs were taken of both eyes for each animal. The
a- and b-wave amplitudes of each operated eye were shown
as a percentage of those in the pre-operated eye.

Histological examination

For histological examination, the rabbits were anesthetized
by intraperitoneal injection of ketamine and xylazine
1 week after ischemia and perfused intracardially with
phosphate-buffered saline (PBS), followed by perfusion
with 4% paraformaldehyde in PBS. Eyes were removed
and embedded in paraffin, and thin sections (5-um thick-
ness) were cut using a microtome. Each eye was mounted
on a silane-coated glass slide and then stained with
hematoxylin and eosin (HE).

Morphometric analysis was performed to quantify
ischemic injury. The sections for analysis were selected
randomly for each eye. A microscopic image of each
section within 0.5-1 mm of the optic disc was scanned. In
each computer image, the thickness of the inner plexiform
layer (IPL) and inner nuclear layer (INL) at the tire frame
were measured. Finally, in each eye, the thicknesses of the
IPL and INL were obtained as the mean values of five
measurements. For each animal, these values for the right
eye were normalized to those for the intact left eye and
shown as a percentage.

@ Springer
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Retrograde labeling of retinal ganglion cells (RGCs)

Seven days before the rabbits were killed, the optic nerves
were exposed by lateral orbitotomy. Using a Hamilton
syringe, 10 pl of a 0.1% fluorescent dye (Fast Blue;
Polysciences, Warrington, PA, USA) was injected into the
optic nerve 2 mm behind the eyeball. Care was taken not to
injure any blood vessels, especially the ophthalmic artery
that enters the sclera from the ventral margin of the optic
nerve. After the surgery the eyes were treated topically
with levofloxacin.

Assessment of RGC survival

Animals were killed by an overdose of ketamine and
xylazine 1 week after the fast blue application. Whole, flat-
mounted retinas were then assayed for the retinal ganglion
cell density. The rabbit eyes were enucleated and fixed in
4% paraformaldehyde for 10 h at room temperature. After
removal of the anterior segments, the resulting posterior
eyecups were left in place. Subsequently, 4 radial cuts were
made in the periphery of each eyecup, with the retina then
carefully separated from the retinal pigment epithelium. To
prepare the flat mounts, the retina was dissociated from the
underlying structures, flattened by making 4 radial cuts,
and then spread on a gelatin-coated glass slide. Labeled
RGCs were visualized under a fluorescence microscope
(Olympus BX-51/DP70; Olympus, Tokyo, Japan) by using
a filter set (excitation filter 330-385 nm; barrier filter
420 nm; WU; Olympus). Fluorescence-labeled RGCs were
counted in 12 microscopic fields of retinal tissue from 2
regions in each quadrant at 2 different eccentricities, cen-
tral and peripheral. We counted the RGCs in each eye by
using Image-Pro Plus software (Version 4.0; Media
Cybernetics, The Imaging Expert, Bethesda, MD, USA).
Cell counts were conducted by the same person in a

masked fashion, with the identity of the original retinas
unknown to the investigator until all cell counts from all the
different groups were completed. Changes in the densities of
the RGCs were expressed as the RGC survival percentage,
which was based on comparison of the surgical and contra-
lateral control eyes. The specimens that were compared came
from different retinal regions of the same animal.

O, analysis

O, generation was determined by measuring the reduction
of nitroblue tetrazolium (NBT) to a diformazan precipitate
as previously described [10]. NBT (50 mg/ml; Research
Organics, Cleveland, OH, USA) was dissolved in dimeth-
ylformamide (DMF) and distilled BSS. The final DMF
concentration was 10%. Reduction was detected by intra-
vitreal injection of 5-pl NBT solution in the period after
vitrectomy before ischemia. For observation of the difor-
mazan precipitate, a microscope (S5; Carl Zeiss, Miinchen,
Germany) was used with a 3CCD digital camera (MKC-
507; Ikegami Tsushinki, Tokyo, Japan) and recorded using
a DVD recorder.

Statistical analysis

Image analysis was performed with Image-Pro Plus soft-
ware (The Imaging Expert) to assess O, generation area
density. We determined the total blue-stained area indi-
cated O, generation area. Evaluation by Image-Pro Plus
analysis of photographs was performed blind by two
researchers not directly involved in this study and the
generation area was automatically produced by the soft-
ware. All statistical values are presented as mean = stan-
dard deviation (SD). Data were analyzed by use of the
unpaired Student’s ¢ test. Values of p < 0.05 were con-
sidered statistically significant.

Fig. 1 Light micrographs of a cross-section of a hematoxylin and
eosin histology through normal rabbit retina and b 7 days after
ischemia with balanced salt solution (BSS) alone, or ¢ BSS +

@ Springer

p-allose. Cell loss in the ganglion cell layer (GCL) and reduced inner
nuclear layer (INL) thickness were ameliorated in the p-allose group.
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Fig. 2 Percentage changes relative to control values in the thick-
nesses of the IPL and INL 7 days after ischemia with BSS alone and
BSS + p-allose. Black bar p-allose group, white bar vehicle group.
Administration of 2% p-allose significantly prevented the reduction in
the number of cells in the GCL and the thickness of the INL. Results
are expressed as mean = standard deviation (SD). *P < 0.05

Fig. 3 Effects of p-allose on a
" ischemia-induced retinal
ganglion cell (RGC) death.

a Retrograde labeling of RGCs
in nonischemic eyes, and

b 7 days after ischemic injury
treated with vehicle or p-allose.
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Results

Histological change in the retina after ischemia
with and without p-allose

Figure 1a shows a normal retina. Light-microscopic pho-
tographs were taken 7 days after ischemia (Fig. 1b, c). The
retina of the untreated eye in the animals, was used as
control. In the vehicle group, significant reductions in the
thickness of the INL were observed. The thickness of the
IPL was 61.6 = 13.0% that of the control and the thickness
of the INL was reduced to 61.8 4 12.2% that of the control
(n = 6; Fig. 2). In the p-allose group, the thickness of the
IPL was 94.2 + 11.1% that of the control and the thickness
of the INL was 82.9 + 19.4% that of the control (n = 5;
Fig. 2). Reduced INL thickness was ameliorated in the
p-allose group.
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