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the Etiology of Open-Angle Glaucoma after Vitrectomy
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Purposk. Vitrectomy, when followed by cataract surgery, in-
creases the risk of open-angle glaucoma. This study was con-
ducted in patients to determine whether these procedures are
associated with increased exposure of the trabecular mesh-
work to oxygen.

MEerHODS. Oxygen distribution was recorded with a fiberoptic
probe in patients undergoing surgery for cataract, glaucoma, or
retinal disease. pO, was measured beneath the central cornea,
in the mid-anterior chamber, and in the anterior chamber
angle. In patients who were pseudophakic or were scheduled
for cataract extraction, pO, was also measured in the posterior
chamber and near the lens.

Resurrs. Eyes with no previous cataract or vitrectomy surgery had
steep oxygen gradients in the aqueous humor between the cor-
nea and lens. pO, was low in the posterior chamber and near the
lens. Previous vitrectomy was associated with significantly in-
creased pO, in the posterior chamber. Eyes with previous cata-
ract surgery had significantly elevated pO, only in the posterior
chamber and in front of the intraocular lens (IOL). Eyes that had
both vitrectomy and previous cataract surgery had increased pO,
in the posterior chamber, anterior to the IOL, and in the anterior
chamber angle. pO, in the posterior chamber and the anterior
chamber angle correlated strongly.

ConcLusions. Oxygen metabolism by the lens and cornea es-
tablishes oxygen gradients in the anterior segment. Vitrectomy
and cataract surgery increase pO, in the anterior chamber
angle, potentially damaging trabecular meshwork cells. We
propose that oxygen levels in the anterior chamber angle are
strongly influenced by oxygen derived from the ciliary body
circulation. (Invest Ophthalmol Vis Sci. 2010;51:5731-5738)
DOI:10.1167/i0vs.10-5666

Several lines of evidence suggest that increased oxidative
stress or the accumulation of oxidative damage contrib-
utes to the pathogenesis of glaucoma.'”’” Antioxidant pro-
tective mechanisms are decreased, and enzymes induced by
oxidative stress are increased in the aqueous humor of
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glaucoma patients, compared with those undergoing cata-
ract surgery.>® Oxidative damage to DNA increases in the tra-
becular meshwork cells of glaucoma patients, and these cells are
more susceptible to oxidative DNA damage than are other cells
in the anterior segment.® In one study, the lymphocytes of
glaucoma patients had pathogenic mutations in their mito-
chondrial DNA that were not present in control subjects.'®
These alterations are consistent with oxidative damage. The
mitochondria of glaucoma patients also had significantly lower
oxidative activity than in control subjects.'® Despite the abundant
evidence linking glaucoma’s pathogenesis to oxidative damage,
the source of the oxidative stress in these patients is not
known. It is also not clear whether the increased oxidative
damage in glaucoma patients is the result of increased expo-
sure to oxidants, decreased antioxidative protection, or a com-
bination of these factors.

Ocular surgery can increase the risk of developing glau-
coma. Elevated intraocular pressure and glaucoma have long
been associated with corneal transplantation (penetrating ker-
atoplasty) or the implantation of an artificial cornea.''™'® Re-
cently, two studies reported that vitrectomy is also associated
with increased risk of elevated intraocular pressure and glau-
coma. In both studies, the presence of the natural lens delayed
the onset of glaucoma.?>*' In most older patients who un-
dergo vitrectomy, nuclear sclerotic cataracts develop within 2
years.**~2° Nuclear cataract is associated with increased oxida-
tive damage to the lens, and vitrectomy leads to increased
exposure of the lens to oxygen.?*?”-*® These observations led
Chang?® to propose that, after vitrectomy, metabolites of oxy-
gen, like hydrogen peroxide, may damage the tissues of the
outflow pathway, contributing to the increased risk of glau-
coma. Since the presence of the natural lens reduces the risk of
glaucoma, he proposed that the lens protects the anterior
segment from oxygen or oxygen metabolites.

The present study was designed to test Chang’s hypothesis
that oxygen is relatively low in the anterior segment of the
non-surgically altered eye and that it increases after vitrectomy
and cataract surgery. The distribution of oxygen in the anterior
segment of the eye was measured in a reference group of
patients who were undergoing surgery for glaucoma or cata-
ract. Oxygen distribution in these patients was compared with
that in patients who had had vitrectomy, cataract surgery, or
both procedures. The results of these measurements sup-
ported the predictions of the Chang hypothesis, which suggest
that increased exposure to oxygen or its metabolites causes
open-angle glaucoma. These studies also revealed an unex-
pected physiologic mechanism that regulates the distribution
of oxygen in the anterior chamber angle of the human eye.

METHODS
Study Design

A cross-sectional study was designed to compare oxygen distribution
in different regions of the eye in a reference group to the oxygen
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distribution in subjects who had undergone vitrectomy, cataract sur-
gery, or both. The study was approved by the Human Resource Pro-
tection Office and the Institutional Review Board of the Washington
University School of Medicine in compliance with the tenets of the
Declaration of Helsinki. Informed consent was obtained before surgery
after explanation of the nature and possible consequences of the study.

Patients and pO, Measurements

Consecutive patients undergoing glaucoma and/or cataract surgery
(CJS) or patients with previous cataract and vitrectomy surgery who
were undergoing additional retina surgery (NMH) were eligible. Pa-
tients with corneal endothelial dysfunction, ischemic ocular disease,
anterior chamber angle closure, inflammatory disease, ocular neopla-
sia, or monocular status were excluded. A complete general medical
and ophthalmic history was obtained before surgery. Standard surgical
procedures for glaucoma, retina, and cataract surgery were followed.
Patients scheduled for cataract or vitreoretinal surgery received pre-
operative mydriatics. Supplemental oxygen was provided by nasal
cannula. The nasal area was separated from the surgical field with an
adhesive surgical drape to avoid exposure to oxygen of the surface of
the eye. Oxygen saturation (5a0O,) was monitored by continuous pulse
oximetry. After intravenous sedation, anesthesia was administered by
sub-Tenon’s injection of 3 mL of 2% lidocaine and 0.375% bupivacaine,
50:50. Before the scheduled surgical procedure, a 30-gauge needle was
used to fashion a peripheral corneal paracentesis, through which a
30-gauge pO, optical oxygen sensor (Oxylab optode; Oxford Optro-
nix, Oxford, UK) was introduced into the anterior chamber. The
flexible fiberoptic probe was positioned for three measurements in all
patients (Fig. 1): near the central corneal endothelium, in the mid-
anterior chamber (AC), and in the AC angle. In patients who were
pseudophakic or scheduled for cataract extraction, the optode was
also positioned near the anterior lens surface and in the posterior
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chamber. To avoid possible lens damage, measurements were not
made near the lens in phakic patients undergoing only glaucoma
surgery. Instrument calibration was checked against solutions equili-
brated to 0% and 5% oxygen. The patients were monitored postoper-
atively for complications.

The pO, reported by the optode used in this study varies with
temperature. Probes supplied with a thermistor are thicker and, in
preliminary studies in eye bank and pig eyes, were more likely to leak
aqueous humor through the corneal wound. We therefore used thin-
ner probes with no temperature compensation. On the basis of previ-
ous studies in rabbits, in which temperature from the inner surface of
the cornea to the posterior chamber was 31°C to 34°C, we set the
temperature compensation to a constant 32°C. At a constant pO, of 38
mm Hg, a change of 1°C alters the apparent pO, reported by the
optode by 0.5 mm Hg. Therefore, over the temperature variation in the
eye, pO, was expected to be accurate to within =1 mm Hg.

Statistical Analysis

The results are expressed as the mean = SEM. ANOVA with Bonferroni
correction for multiple comparisons was used to identify significant
differences between groups. Multivariate regression was performed
with adjustment for potential confounding variables (SPSS ver. 17.0;
SPSS, Chicago, IL). P < 0.05 was considered statistically significant.

RESULTS

Table 1 shows the characteristics of the patients. A total of 119
individuals participated. Seven eyes were excluded due to
leakage of aqueous humor or malfunction of the optode, leav-
ing a total of 112 eyes for the analysis. Patients with no history
of cataract or vitrectomy surgery comprised a reference group

i Center | Anterior AC FIGUl?E 1. Oxygen distribution in the
Comparisons Cornea PC anterior of the human eye. (A) Oxygen
LLC foNons Angle distribution in the reference group
Reference vs. Previous NS NS NS NS P <0.001 (no previous cataract surgery or vit-
vitrectomy (A vs. B) rectomy), (B) after previous vitrec-
Reference vs. Previous tomy, (C) previous cataract surgery
<0. <0. 5 5
cataract (A vs. C) NS NS EE8.001 NS e (D) or previous vitrectomy and cata-
Reference vs. Previous ract surgery. Red dots: oxygen mea-
vitrectomy and cataract | NS |P <0.05|P <0.001|P <0.001|P <0.001 surements made by corneal entry
(A'vs.D) during glaucoma and/or cataract sur-
P = it : t gery; yellow dots: oxygen measure-
rev_l QUSIVISCC Oy VS, ments made through pars plana entry
Previous cataract (B vs. NS NS P <0.001 NS NS at the beginning of vitrectomy sur-
_ C) gery.”® In the table (E), the signifi-
Previous vitrectomy vs. cant differences in pO, are identified
Previous vitrectomy and NS P <0.01|P<0.001| P<0.01 NS in different regions of the anterior
cataract (B vs. D) segment When the rt{ference group
Previous cataract vs and the diferenc suwia groups e
. . red. Statistic alysis was by
< <

Previous vitrectomy and NS NS NS P<0.01 | P<0.05 ANOVA., with Bonferroni correction

cataract (C vs. D) for multiple comparisons.




I0VS, November 2010, Vol. 51, No. 11

TaBLE 1. Patient Characteristics

Oxygen Distribution and Postvitrectomy Glaucoma
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Surgical Diagnosis

Vitreo-retinal

Group n Age* Male Female Cataract Glaucoma Combined Disease

Reference (no previous cataract surgery

or vitrectomy) 72 699 £11.2 36 36 24 19 29 0
Previous vitrectomy 14 628 *17.3 9 5 12 0 2 0
Previous cataract surgery 17 724%94 3 14 0 14 0 3
Previous vitrectomy and cataract

surgery 9 643*113 5 4 0 2 0 7
Total 112 53 59 36 35 31 10

* Data are shown as years = SD. Age distribution was not significantly different in the four groups.

of 72 individuals (72 eyes). Within this group, the surgical
diagnosis (glaucoma, cataract, or both) was not related to pO,
at any location within the anterior segment (P > 0.1). This
result suggests that the mydriatics used to dilate the iris of
patients scheduled for cataract surgery, but not used in pa-
tients undergoing only glaucoma surgery, did not significantly
alter the oxygen distribution at the locations measured. An
additional 14 eyes had previous vitrectomy, 17 had previous
cataract surgery, and 9 had previous vitrectomy and cataract
surgery. The mean age of the groups was not significantly
different. The reference group included patients with no
previous ocular surgery (48 eyes) and glaucoma patients (24
eyes) who had undergone a glaucoma surgical procedure
(laser trabeculoplasty, iridotomy, or trabeculectomy). When
eyes with no previous surgery were compared with eyes
with any glaucoma surgery, pO, was significantly different
only in the posterior chamber, where eyes with previous
glaucoma surgery had slightly lower pO, (P = 0.03). How-
ever, excluding eyes with any glaucoma surgery from the
reference group had little effect on comparison of the ref-
erence group to eyes that had cataract surgery, vitrectomy
surgery, or both (not shown). Because some of the eyes with
previous cataract surgery also had undergone glaucoma sur-
gery, we included eyes with glaucoma surgery in the refer-
ence group.

TABLE 2. Mean pO,

Steep oxygen gradients were present in the eyes of the
reference group (Fig. 1; Table 2A). The approximate pO, in
air is 160 mm Hg, whereas the mean pO, at the inner surface
of the cornea was 24 mm Hg, a nearly sevenfold gradient. A
similarly steep oxygen gradient was present in the anterior
chamber between the inner surface of the cornea (24.1 mm
Hg) and the anterior surface of the lens (2.8 mm Hg), with
intermediate pO, in the mid-anterior chamber (11.5 mm
Hg). The mean pO, measured in the posterior chamber was
3.5 mm Hg, whereas the pO, behind the lens, measured in
a previous study, was 8.7 mm Hg (Table 2B).*> Although the
cornea overlying the anterior chamber angle is only slightly
thicker than the central cornea, the pO, in the anterior
chamber angle (12.9 mm Hg) was approximately half of that
beneath the central cornea (24.1 mm Hg).

Vitrectomy surgery chronically increases oxygen levels near
the posterior surface of the human lens by an average of 48%
(Table 2B).?* In the present study, vitrectomy was associated
with a 2.4 fold increase in pO, in the posterior chamber,
compared with the reference group (Fig. 1, Table 2A; P <
0.001). Vitrectomy was also associated with increased pO, in
the anterior chamber angle, although the difference did not
reach statistical significance.

Cataract surgery in the presence of an intact vitreous body
was associated with an almost fourfold increase in pO, anterior

A. Measurements at Five Locations in the Anterior of the Eye*

Group Cornea Center AC Lens Angle PC

Reference (no previous cataract

surgery or vitrectomy) 242+ 0.9 115 = 0.5 28+ 03 129*0.7 35*04
Previous vitrectomy 232+ 1.4 9.7 *09 23 +0.6 151 £ 1.2 85*09
Previous cataract surgery 20.7 £ 1.8 119 £ 05 11.0 = 1.2 149+ 1.3 6.7 = 0.7
Previous vitrectomy and

cataract surgery 267 +14 156*06 113*16 247=*15 10.7*0.7
B. Measurements Near the Posterior Surface of the Lenst

Group n PO, P

Reference 16 8.7 * 0.6
Previous vitrectomy# 8 129 0.5 <0.001
Previous cataract 9 109 £ 0.8 <0.05

AC, anterior chamber; PC, posterior chamber.

* The measurements were obtained with a 30-gauge optode inserted through a clear corneal incision.

Data are expressed as the mean pO, (mm Hg * SE).

1 The measurements were obtained with an optode inserted through the pars plana at the beginning
of the vitrectomy. Data for eyes with previous cataract surgery were obtained by reanalysis of this study.

Data are expressed as the mean pO, (mm Hg * SE).

+ These data have been reported elsewhere.*®
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to the lens. Cataract surgery also increased the pO, in the
posterior chamber by a factor of two. Both levels were signif-
icantly different from those in the reference group (Fig. 1; P <
0.001 and 0.01, respectively). As in eyes with prior vitrectomy,
cataract surgery increased pO, in the anterior chamber angle
by 2 to 3 mm Hg, a change that did not reach statistical
significance when compared with the reference group.

In eyes that had previous vitrectomy and cataract surgery
(Fig. 1), pO, was significantly elevated in the posterior cham-
ber (P < 0.001), anterior to the lens (P < 0.001), in the
mid-anterior chamber (P < 0.05), and in the anterior chamber
angle (P < 0.001).

To explore the relationship between oxygen levels in dif-
ferent regions of the eye, we performed multivariate regression
analyses to determine how the pO, in one part of the eye
correlated with the pO, in other areas (Table 3). In the refer-
ence group, the pO, beneath the central cornea correlated
strongly with the pO, in the mid-anterior chamber, as would
be expected if oxygen in the mid-anterior chamber were de-
rived by diffusion through the cornea. pO, near the anterior
surface of the lens also correlated with that in the mid-anterior
chamber, although the pO, beneath the cornea did not corre-
late with that in front of the lens. Oxygen levels in the poste-
rior chamber correlated significantly with pO, anterior to the
lens and in the anterior chamber angle. The association be-
tween pO, in the posterior chamber and anterior to the lens
seems logical, since oxygen levels in both locations would be
affected by oxygen metabolism in the lens epithelium. How-
ever, it was not obvious why the pO, in the posterior chamber
correlated with pO, in the anterior chamber angle.

We then expanded the analysis by combining the data from
the reference group with those in the surgical groups (Table
3). As expected, pO, in the mid-anterior chamber continued to
correlate with pO, beneath the central cornea. There was also
a strong correlation between pO, in the mid-anterior chamber
and in front of the lens. Since the combined group included
subjects with cataract surgery and IOL implantation, this result
suggests that oxygen diffusing from the mid-anterior chamber
contributes to the elevated pO, in front of the IOL. In the
combined group, the statistical significance of the association
between the pO, in the posterior chamber and anterior to the
lens decreased, compared with that in the reference group.
However, the strength of the association between pO, in the
posterior chamber and the anterior chamber angle increased
markedly. These relationships strongly suggest that oxygen
levels in the posterior chamber and anterior chamber angle are
physiologically related.
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Di1sCUSSION

Control of Oxygen Distribution
in the Human Eye

The oxygen distributions observed in the present study, together
with published measurements of pO, gradients in the vitreous,>*
provide an overview of oxygen distribution in the human eye. We
recognize that these measurements were made in eyes that
were undergoing surgery for one or more eye diseases. With
this limitation in mind, it is still reasonable that the gradients
within the eye provide insight into the sources of oxygen and
the tissues that consume it.

To a first approximation, the eye can be considered to be a
sphere, with oxygen entering the ocular fluids at its periphery.
In the posterior segment of the globe, oxygen diffuses from the
retinal vasculature into the vitreous body.””>' In the anterior
segment of the eye, oxygen diffuses across the cornea.’?->%
Data from the present study suggest that the major sites of
oxygen consumption in the anterior segment of the human eye
are the cornea, lens and ciliary epithelium. We recently found
that ascorbate in the vitreous fluid also consumes oxygen.>>
These “oxygen sinks” are revealed by the steep oxygen gradi-
ents across the cornea, between the inner surface of the cornea
and the lens, by the low pO, in the posterior chamber and by
gradients of oxygen within the vitreous gel.**>->>

Other investigators have measured and modeled oxygen
consumption by the cornea and lens.>~3*3%37 Consistent with
the results in these studies, we found that cataract surgery,
which removes most of the lens tissue, was associated with
increased oxygen levels immediately anterior to the lens, in the
posterior chamber, and in the vitreous near the lens. However,
cataract surgery did not lead to a significant increase in pO,
beneath the cornea, confirming an earlier study in rabbits, in
which the researchers concluded that the oxygen supply to the
cornea is independent of oxygen consumption by the lens.*®
Multivariate regression revealed that the pO, beneath the cen-
tral cornea and close to the lens epithelium did not correlate,
providing further evidence that the oxygen metabolism of the
lens and cornea are independently regulated. The pO, at both
locations correlated with oxygen in the mid-anterior chamber,
showing that oxygen consumption by the tissues surrounding
the anterior chamber influences oxygen levels in the aqueous
humor.

Our data demonstrate that, when the eyelids are open,
oxygen levels near the inner surface of the cornea are set by
the diffusion of oxygen from the air and by corneal oxygen

TABLE 3. Relationships between pO, in Five Regions of the Eyes

Cornea Center Lens Angle
B P B P B P B P

Reference group

Cornea — —

Center 1.118 25X 10~° — —

Lens 0.158 0.747 0.505 0.048 — —

Angle 0.145 0.447 —0.142 0.159 0.050 0.418 — —

PC 0.451 0.217 —0.155 0.429 0.334 0.003 0.800 0.005
All eyes

Cornea — —

Center 1.135 23X 1077 — —

Lens -0.198 0.256 0397 1Xx 1077 — —

Angle 0.066 0.635 0.009 0.898 0.140 0.142 — —

PC 0.193 0.382 —0.139 0.203 0323 0.030 0784 9X 10°°

B is the regression coefficient, the slope of the regression line. Statistically significant results are in

italic.
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consumption, not by oxygen delivered by the aqueous hu-
mor. In every patient in the reference group, pO, was
greater in the aqueous near the central corneal endothelium
than at any other location in the anterior of the eye. There-
fore, the diffusion of oxygen or the flow of aqueous humor
in the anterior chamber can only decrease oxygen levels
near the cornea. Stated another way, the pO, within the
cornea will always be higher than the pO, in the aqueous
near the corneal surface. These observations are consistent
with measurements made in rabbits using an injected re-
porter molecule to remotely monitor oxygen levels in the
anterior chamber.*® This study showed that pO, decreased
beneath the cornea and in the central anterior chamber
when a contact lens with low oxygen permeability was
placed on the eye. Studies that modeled corneal oxygen
consumption and oxygen distribution within the cornea
routinely set oxygen levels at the inner surface of the cornea
to a constant value.>****! However, in the present study,
pO, in the aqueous near the inner surface of the cornea
ranged between 12 and 41 mm Hg. Therefore, in the eye
with open lids, corneal oxygen permeability and metabolism
determine pO, in the aqueous; the aqueous does not set the
pO, for the corneal endothelium.

The steep gradients within the anterior chamber and the
very low pO,, near the lens suggest that, even when the lids are
closed, entry of oxygen at the epithelial surface is likely to be
the primary source of corneal oxidative metabolism, making
glycolysis an important energy source during sleep.*? The role
of corneal oxygen consumption in setting pO, in the anterior
chamber is important, as we found that the pO, beneath the
central cornea was significantly different in Caucasian and
African-American subjects, presumably reflecting racial differ-
ences in corneal oxygen metabolism (Siegfried CJ, manuscript
submitted).

Previous measurements in rabbit, monkey, and human eyes,
in which polarographic oxygen electrodes were used, can be
interpreted to suggest that the iris vasculature is also a signif-
icant source of oxygen.*>** However, the experimental design
used in these studies did not exclude the possibility that, under
normal breathing conditions, the oxygen measured anterior to
the iris originated by diffusion through the cornea. Measure-
ment of oxygen beneath the rabbit iris, using the same fiber-
optic sensor as in the present study, showed that, in this
species, the iris vasculature supplied oxygen to the posterior
chamber.?” However, in the present study, oxygen levels in the
posterior chamber, just beneath the iris, were very low: 3.5
mm Hg or about six times lower than in rabbits.?” These
measurements suggest that, in the patients included in this
study, relatively little oxygen was derived from the iris vascu-
lature. Alternatively, the human iris is a source of oxygen, but
the lens consumes substantially more oxygen than that of the
rabbit.

In rabbits, monkeys, and the patients included in this study,
the aqueous humor in the posterior chamber, which is pro-
duced by the ciliary epithelium, was relatively depleted of
oxygen.?”*? This observation was initially surprising, since the
ciliary body is richly vascularized. Presumably, oxidative me-
tabolism in the ciliary epithelial cells, which produces the ATP
needed to secrete aqueous humor, consumes most of the
oxygen delivered to this tissue by the ciliary body vasculature
(Fig. 2A).%5748

The Effect of Vitrectomy on Oxygen Distribution
in the Eye

We have shown in prior work that vitrectomy increases pO,
near the posterior surface of the lens.*® Since prolonged hy-
perbaric oxygen therapy and age-related liquefaction of the

Oxygen Distribution and Postvitrectomy Glaucoma
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vitreous gel lead to nuclear cataract formation,*~>! we sug-

gested that postvitrectomy cataracts are caused by the exces-
sive exposure of the lens to oxygen.*>>? Subsequent investi-
gations have found that vitrectomy also increases the risk of
developing open-angle glaucoma, especially in eyes that also
have had cataract surgery.?®*! It has been suggested that the
increased risk of glaucoma after vitrectomy and cataract sur-
gery is due to the increased exposure of the outflow tissues to
oxygen or the metabolites of oxygen.?° The present study was
designed to test this prediction by determining the effect of
cataract surgery on oxygen levels in the eyes of patients with
previous vitrectomy.

Like cataract surgery, previous vitrectomy was associated
with a significant increase in pO, in the posterior chamber.
Each of these surgical procedures also increased oxygen levels
in the anterior chamber angle, although these changes did not
reach statistical significance in either case. In the eyes that had
previous vitrectomy and cataract surgery, pO, increased mark-
edly in the posterior chamber and anterior to the lens. In
contrast to the result of the individual surgeries, pO, in the
anterior chamber angle nearly doubled if both vitrectomy sur-
gery and cataract surgery were performed. These data confirm
the prediction that vitrectomy and cataract surgery increase
exposure of the cells of the trabecular meshwork to oxygen
and, possibly, metabolites of oxygen, such as hydrogen perox-
ide.”®

Control of pO, in the Anterior Chamber Angle:
A Hypothesis

Statistical analysis of the pO, in different regions of the eye in
the reference group revealed a significant correlation between
pO, in the posterior chamber and in the anterior chamber
angle. This relationship is puzzling, since the pO, in the pos-
terior chamber and anterior to the lens was approximately 3 to
4 mm Hg, whereas the pO, in the angle was four times higher.
Therefore, it is impossible for the oxygen in the anterior
chamber angle to be derived from oxygen carried to the angle
by the transpupillary flow of aqueous humor. In addition,
under no circumstance did the pO, in the anterior chamber
angle correlate with the pO, beneath the central cornea, sug-
gesting that variations in oxygen consumption by the cornea
did not significantly influence the pO, in the angle. When eyes
with previous ocular surgery were included in the regression
analysis, the statistical significance of the association between
oxygen in the posterior and anterior chambers increased, but
the relationship between the pO, in the posterior chamber and
anterior to the lens decreased. If oxygen reached the anterior
chamber angle by aqueous humor flow (Fig. 2), one would
expect a stronger correlation between oxygen in the posterior
chamber and anterior to the lens than between the posterior
chamber and the anterior chamber angle. This paradox led us
to consider an alternative explanation.

Studies conducted over the past 20 years by Freddo et
al.>>>>> in several species, including humans, revealed that
most of the plasma proteins in the aqueous humor do not
diffuse across the ciliary epithelium. Instead, they diffuse from
the permeable vessels in the ciliary body,*® through the stro-
mal tissue of the ciliary body and iris, across the anterior face
of the iris and into the aqueous in the anterior chamber angle
(Fig. 2A). In our previous studies of oxygen distribution in the
rabbit eye, decreasing the oxygen saturation of the blood
(8a0,) decreased pO, in the anterior chamber angle, but not
beneath the central cornea.?” From these data, we concluded
that the pO, in the angle was significantly influenced by oxy-
gen from the blood. Combining these two observations, we
postulate that a substantial amount of the oxygen in the ante-
rior chamber angle follows the same route as that taken by the



5736 Siegfried et al.

I0VS, November 2010, Vol. 51, No. 11

FIGURE 2. Oxygen distribution in
the nonsurgical eye and the pro-
posed effect of vitrectomy and/or
cataract surgery on oxygen delivery
to the anterior chamber angle. (A) In
the nonsurgical eye, oxygen enters
from the retinal vasculature through
the vitreous, across the ciliary epithe-
lium from the ciliary body vascula-
ture, and into the anterior chamber
across the cornea. Oxygen is con-
sumed by the lens and the ciliary
epithelium. A small amount of oxy-
gen enters the anterior chamber an-
gle by diffusing across the ciliary
body and iris stroma (curved red ar-
row). This is the same pathway as
that of the plasma proteins (gold ar-
row). (B) After vitrectomy, more ox-
ygen reaches the posterior chamber.
This supplies more oxygen to the
“aqueous surface” of the ciliary epi-
thelium, reducing the amount of ox-
ygen that the ciliary epithelium re-
moves from the blood and slightly
increasing the amount of oxygen
available to enter the anterior cham-
ber angle from the ciliary body
stroma. (C) Cataract surgery reduces
oxygen consumption by the lens,
thereby increasing the pO, anterior
to the lens and in the posterior cham-
ber. The increased oxygen on the
aqueous surface of the ciliary epithe-

lium reduces the amount of oxygen that the ciliary epithelium removes from the blood, thereby slightly increasing the amount of oxygen available to enter
the anterior chamber angle from the ciliary body stroma. (D) After vitrectomy and cataract surgery, significantly more oxygen is available on the
aqueous surface of the ciliary epithelium, resulting in the removal of significantly less oxygen from the blood. This process increases the amount
of oxygen available to diffuse from the ciliary body stroma, across the iris stroma, and into the anterior chamber angle, exposing the outflow system
to a large excess of oxygen and/or oxygen metabolites. (Diagrams modified with permission from an illustration by Keith Kasnot for Merck & Co.,
Inc. ©2010. Phoenix, AZ: Kasnot Medical Illustration, Inc. All rights reserved.)

plasma proteins, diffusing from the ciliary body stroma into the
aqueous at the root of the iris (Fig. 2A).

The ciliary body contains an abundant vasculature that
delivers nutrients and oxygen to the ciliary body stroma and
ciliary epithelium through fenestrated (permeable) capillar-
ies.*”%® Since the pO, in the posterior chamber of eyes in the
reference group was low, most of the oxygen delivered to the
ciliary epithelium by the ciliary body vasculature is likely to be
consumed by oxidative metabolism in the ciliary epithelial
cells, which have abundant mitochondria. We found that vit-
rectomy increased pO, in the posterior chamber, thereby ex-
posing the inner, or aqueous, surface of the ciliary epithelium
to increased oxygen (Fig. 2B). This effect was associated with
a small increase in the pO, in the anterior chamber angle, but
not anterior to the lens. After vitrectomy and cataract surgery,
the pO, in the posterior chamber was even higher, and the
pO, in the anterior chamber angle nearly doubled. We suggest
that the increased oxygen at the aqueous surface of the ciliary
epithelium, resulting from decreased oxygen utilization by the
vitreous and lens, is used by the ciliary epithelial cells for
oxidative metabolism. This process would decrease the
amount of oxygen that these cells remove from the interstitial
fluid of the ciliary body stroma. The excess oxygen remaining
in the stroma would then diffuse, along with the extravascular
plasma proteins, through the iris stroma and into the aqueous
at the anterior chamber angle (Fig. 2D). In this way, the pO, in
the posterior chamber would indirectly regulate the pO, in the
anterior chamber angle, accounting for the strong correlation
between the pO, at these locations.

Oxidative Stress and Oxygen Adaptation

We found that vitrectomy and cataract surgery increased oxy-
gen delivery to the outflow pathway. How might an increase in
pO, damage the cells of the aqueous outflow system? Stanley
Chang?° suggested that increasing oxygen in the aqueous hu-
mor exposes the tissues of the outflow tract to oxygen metab-
olites, like hydrogen peroxide. Oxygen reacts with ascorbate
in the ocular fluids to produce hydrogen peroxide, which is
then converted to water by the action of catalase.*>>® When
oxygen increases in the aqueous, its reaction with ascorbate
may overwhelm the ability of catalase to remove peroxide,
thereby exposing the outflow tissues to this toxic metabolite.
Exposure of the cells of the outflow pathway to peroxide could
damage or kill them, a result that would be consistent with the
decreased cellularity of the trabecular meshwork in glaucoma
patients."*3773%

It is also possible that exposure of the tissues of the outflow
pathway to increased molecular oxygen directly increases ox-
idative stress, just as exposure to excess molecular oxygen can
damage other tissues in the body. For example, pulmonary
epithelial cells are normally exposed to much higher oxygen
than other cells in the body (~21% O,). However, during
oxygen therapy, prolonged exposure to 40% oxygen or more
increases the levels of intracellular reactive oxygen species and
causes pulmonary oxygen toxicity, a disease that involves fi-
brosis, the derangement of collagen and elastin fibrils in the
lung parenchyma, and increased cell death.®°~°* Therefore, it
could be said that pulmonary epithelial cells are “adapted” to
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21% oxygen and that significantly exceeding the level of oxy-
gen to which they are adapted causes disease.

Our data show that oxygen levels in the eye are maintained
within narrow limits by cellular metabolic activity. These nor-
mal levels are quite low: <10 mm Hg around the lens or 13 mm
Hg (~2% O,) in the anterior chamber angle. Vitrectomy chron-
ically increases oxygen at the posterior of the lens by 48%, and
increased oxygen exposure is likely to be the cause of nuclear
cataracts.?>%° Vitrectomy plus cataract surgery nearly doubles
the pO, in the anterior chamber angle and increases the risk of
open-angle glaucoma.>®>" If the cells of the outflow system are
“adapted” to oxygen at 13 mm Hg, increasing the pO, to 25
mm Hg could lead to oxygen toxicity, just as exposure to
excess oxygen damages the lungs. If this also results in altered
extracellular matrix accumulation, increased apoptosis, and
decreased outflow facility, it could lead to ocular hypertension
and increased risk of glaucoma. The potentially harmful effect
of increased exposure to oxygen on the trabecular meshwork
cells in vivo appears to be an area worthy of further study.
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