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PURPOSE. To examine the anatomy of Schlemm’s canal (SC) and collector channels (CCs) in
normal human and primary open-angle glaucoma (POAG) eyes under low and high perfusion
pressure.
METHODS. In normal (n ¼ 3) and POAG (n ¼ 3) eye pairs, one eye was perfused at 10 mm Hg
while the fellow eye was perfused at 20 mm Hg for 2 hours. Eyes were perfusion fixed at like
pressures, dissected into quadrants, embedded in Epon Araldite, and scanned by threedimensional micro-computed tomography (3D micro-CT). Schlemm’s canal volume, CC
orifice area, diameter, and number were measured using ANALYZE software.
RESULTS. Normal eyes showed a larger SC volume (3.3-fold) and CC orifice area (9962.8 vs.
8825.2 lm2) and a similar CC diameter (34.3 6 17.8 vs. 32.7 6 13.0 lm) at 10 mm Hg
compared to 20 mm Hg. In POAG eyes, SC volume (2.0-fold), CC orifice area (8049.2lm2–
6468.4 lm2), and CC diameter (36.2 6 19.1 vs. 29.0 6 13.8 lm) were increased in 10 mm Hg
compared to 20 mm Hg perfusion pressures. Partial and total CC occlusions were present in
normal and POAG eyes, with a 3.7-fold increase in total occlusions in POAG eyes compared to
normal eyes at 20 mm Hg. Visualization of CCs increased by 24% in normal and by 21% in
POAG eyes at 20 mm Hg compared to 10 mm Hg. Schlemm’s canal volume, CC area, and CC
diameter were decreased in POAG eyes compared to normal eyes at like pressures.
CONCLUSIONS. Compensatory mechanisms for transient and short periods of increased pressure
appear to be diminished in POAG eyes. Variable response to pressure change in SC and CCs
may be a contributing factor to outflow facility change in POAG eyes.
Keywords: Schlemm’s canal, collector channel, POAG, glaucoma, anterior segment

I

n glaucoma, chronic elevation of pressure in the anterior
segment of the eye causes irreversible damage to the optic
nerve head resulting in blindness. While a reduced rate of
aqueous humor removal from the anterior chamber is
responsible for pressure elevation, the specific cause of this
impediment remains elusive despite rigorous investigation.1 In
the conventional outflow pathway, resistance to outflow is
thought to be located in the region of Schlemm’s canal (SC)
endothelium, its basement membrane, and the juxtacanalicular
tissue (JCT) of the trabecular meshwork.2–4 Under elevated
pressure, multiple changes occur within this region in normal
human eyes. These include an increase in giant vacuole size and
numbers,5–8 an increase in JCT empty space due to ciliary
muscle contraction, and a luminal decrease of SC.9–11 With
continued pressure elevation, focal regions of collapse within
SC have been observed.5,9 Up to 50% of outflow resistance has
been attributed to SC, collector channels (CCs), and the
episcleral venous system at low perfusion pressures, and lesser
but significant outflow resistance effects due to these
components at higher perfusion pressures.12
Early investigations and more recent optical coherence
tomography studies analyzing primary open-angle glaucoma

(POAG) eyes found decreased SC cross-sectional area, perimeter,
and length.13–16 Histopathologic changes to the outer wall in POAG
include increased collapse and narrowing of CCs and intrascleral
veins along with adhesion of SC endothelium to CC orifice walls
and herniation of JCT with blockage of CC orifices (Gong H, et al.
IOVS 2007;48:ARVO E-Abstract 2079).17–19 These changes in POAG
eyes identify SC and CCs as important anatomic structures for the
study of resistance mechanisms to aqueous outflow.
Our laboratory and others have demonstrated the existence
of preferential flow pathways adjacent to CCs.20–24 This work
has given impetus to the investigation of inner wall and outer
wall regions immediately adjacent to and surrounding these
areas. The inner wall of SC is linked to the outer wall of SC
through septal bridges that are often present adjacent to CC
orifices.25 Additionally, the outer wall endothelium, CC orifices,
and CC walls all are buttressed at the base of their endothelial
cells with an elastic-like sheath and tendon network similar to
the one adjacent to the inner wall, which supports and allows for
distensibility of the inner wall endothelium.26–28 These observations suggest that the inner wall and outer wall may respond in a
similar manner to maintain homeostatic fluid flow through this
region. However, studies investigating the response of the
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TABLE. Clinical Characteristics of Normal and Glaucoma Tissue
Specimens

Age/Sex

Eye History

Normal 1
Normal 2
Normal 3
POAG 1

63/M
61/F
63/F
88/F

POAG 2

61/M

POAG 3

84/M

None available
None available
Cataracts bilateral; diabetes
Glaucoma, 8 y; diabetes; bilateral IOLs; Xalatan, Timoptic. Pressures at diagnosis, R 18: L 18. Last recorded
IOPs, R 15: L 15. Cup/disc ratio, R 0.8/L 0.4.
Glaucoma, 2 y; Alphagan, Xalatan. Pressures at diagnosis, R 14: L 16. Last recorded IOPs, R 12: L 13. Cup/disc
ratio, R 0.09/L 0.95.
Glaucoma, 3 y; diabetes; bilateral IOLs; Xalatan; diabetic retinopathy, bilateral. Pressures at diagnosis, R 14: L
14. Last recorded IOPs, R 12: L 10. Cup/disc ratio, R 0.7/L 0.75.

conventional outflow pathway with reference to changes in the
outer wall and distal outflow system in normal and POAG eyes
under low and high pressure have not been performed.
Study of the SC as a functional entity with its associated CCs
under changing pressure has not been feasible due to technical
challenges of viewing these structures in three dimensions.
Our laboratory has established three-dimensional micro-computed tomography (3D micro-CT) as a viable method to study
the outflow pathway as a complete anatomic unit.27 Threedimensional micro-CT enables 3D reconstruction of SC and
CCs to view them in the context of the entire aqueous outflow
pathway, enabling reconstruction and examination under
varying pressures. Images obtained by 3D micro-CT show
strong similarity to description of CC locations in previous
reports following laborious serial sectioning and reconstruction of the distal outflow pathway.18 The purpose of this study
was to determine and compare the anatomic changes
occurring to SC and CCs in normal and POAG eyes under
low and high perfusion pressure.

METHODS
Perfusion Studies
Three pairs of normal human eyes (ages 61, 63, 68) and three
pairs of POAG eyes (ages 61, 84, 88) were obtained from the

Minnesota Lions Eye Bank (Minneapolis, MN, USA) (Table). For
2 hours, one eye of each pair was perfused at 10 mm Hg (low
pressure) and the fellow eye was perfused at 20 mm Hg (high
pressure) with phosphate-buffered saline containing 5.5 mM
glucose.29 Each eye was fixed at the assigned initial perfusion
pressure with 4% paraformaldehyde/2% glutaraldehyde in 0.1
M phosphate buffer for 8 to 12 hours. The anterior segment
was removed and divided into quadrants. All quadrants were
rinsed in 0.1 M phosphate buffer, fixed in 2% osmium
tetroxide, dehydrated in an ascending series of ethanol, and
embedded in Epon Araldite (Electron Microscopy Sciences,
Hatfield, PA, USA). All quadrants of normal eyes (12 low
pressure; 12 high pressure) and all quadrants of POAG eyes (12
low pressure; 12 high pressure) were analyzed in their entirety
for this study.

3D Micro-CT Analysis
Each quadrant was mounted on a 3608 rotating stage and
scanned at 6-lm voxel resolution using a molybdenum X-ray
source as previously described.27 Five subregion blocks from
selected quadrants with elevated CC numbers observed at 6
lm were scanned for CC confirmation at higher resolution (2
lm) using the synchrotron x-ray at the National Synchrotron
Light Source in Brookhaven, New York.

FIGURE 1. Analysis of Schlemm’s canal (SC) and collector channels (CCs) within the distal outflow pathway. (A) Three-dimensional micro-CT
reconstruction of a nasal quadrant from one of the primary open-angle glaucoma (POAG) eyes in the study. The quadrant reconstruction is oriented
with the corneal endothelial surface up. Ciliary body processes of the pars plicata are visible posterior to Schlemm’s canal (SC), which is shown in
red. Collector channel orifices are shown in bright aqua and are indicated with black asterisks. A vertical black line indicates where a radial
section was removed from the volume for (B). Scale bar: 500 lm. (B) A 6-lm radial section from 3D micro-CT volume shown in (A) at black vertical
line. Schlemm’s canal lumen is shown in red. Scale bar: 500 lm. TM, trabecular meshwork.
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FIGURE 2. Three-dimensional micro-CT reconstruction of SC and CCs. (A) Three-dimensional reconstruction of 6-lm 3D micro-CT images of a nasal
quadrant wedge isolated from a normal eye perfused at 10 mm Hg. Four CCs (aqua and asterisks) were identified in the serpentine-appearing SC
(red) anterior to ciliary body (CB). Inset shows CC orifice opening in SC. (B) Three-dimensional reconstruction of 6-lm 3D micro-CT images of a
nasal quadrant wedge from the fellow eye in (A) perfused at 20 mm Hg. Schlemm’s canal (red) becomes more discontinuous and displays less
anastomotic areas at elevated pressure. Eight CCs (aqua and asterisks) are identified in this wedge. (C) Three-dimensional reconstruction of 6-lm
3D micro-CT images of a superior quadrant wedge isolated from a POAG eye perfused at 10 mm Hg. Schlemm’s canal appears more discontinuous
than in normal eyes perfused at 10 mm Hg, and anastomosing channels are less frequent. Four CC orifices (aqua and asterisks) were identified
anterior to ciliary body (CB). (D) Three-dimensional reconstruction of 6-lm 3D micro-CT images of a superior quadrant wedge from the fellow eye
in (C) perfused at 20 mm Hg. Schlemm’s canal (red) becomes more discontinuous, and adherent areas between inner and outer wall are more
prevalent. Five CCs (aqua and asterisks) are identified in this wedge. (A–D) Inset shows magnified representative CC. Scale bars: 1000 lm.

Quantitative Assessment of 3D Micro-CT Volumes
Each quadrant volume (Fig. 1A) was viewed using the
multiplanar section module within ANALYZE (Biomedical
Imaging Resource; Mayo Clinic, Rochester, MN, USA), a
software package developed for the analysis and 3D reconstruction of medical imaging modalities30 to locate SC and CCs.
This allowed the quadrant volume data to be viewed in 6-lm
sections (Fig. 1B). Schlemm’s canal was identified from abrupt
grayscale differences, with fluid-containing areas represented
by black regions and the surrounding tissue appearing as light
gray. Collector channels were identified as openings that
extended from the outer wall of SC into the sclera using
parameters established from several labs, including ours,
where we confirmed CCs by 3D micro-CT and validated their
presence by correlative serial sections stained with toluidine
blue.18,27,31 Briefly, CCs were identified as openings in the
outer wall of SC with orifices having a funnel or tubular shape
with varying sizes between 10 and 100 lm. Collector channel
orifices had to have an observable connection with vessels
adjacent to SC before they were counted as a CC. In the
multiplanar mode of ANALYZE, CCs were identified, traced,
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and segmented from the quadrant volume (Fig. 1B). Orifice
diameters were measured at the midpoint of the CC volume.
The CC orifice areas were analyzed by triangulating on the
center orifice slice and the slice adjacent to it, creating an
oblique section at the orifice and measuring the area in the
region of interest module using ANALYZE.
The 3D volume images of SC and CCs were created as
separate object maps from the quadrant volumes using
ANALYZE. The volume of SC was measured using the
stereology module in ANALYZE.32 The 3D volume images of
SC and CCs were viewed in quadrant or complete anterior
segment renderings.

Correlative Studies by Light Microscopy
Correlative studies were done using light microscopy to
address boundaries of 3D micro-CT to effectively evaluate CC
number and size. Five subregions obtained from two normal
eyes perfused at 20 mm Hg were scanned at 6 and 2 lm by 3D
micro-CT. One thousand 1-lm serial radial sections were cut
from each selected subregion (n ¼ 5), and all 5000 sections
were stained with toluidine blue and examined by light
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microscopy. A total of 34 CCs were identified and evaluated in
normal eyes (24 open CCs, 9 CCs with partial occlusion, and 1
CC with total occlusion). Correlative sections and previous
reports confirmed CC orifice size range from 10 to 100 lm and
volumes from 10 to 70 lm3.18,21,25,27 Collector channels
identified by 3D micro-CT with diameters between 10 and
100 lm and with volumes between 10 and 70 lm3 were
included in this analysis. Total CC numbers used for diameter
and area calculations were as follows: normal 10 mm Hg, 77;
normal 20 mm Hg, 105; POAG 10 mm Hg, 79; and POAG 20
mm Hg, 79.
Occlusions in CCs were identified as either open (open or
partially occluded) or totally occluded. Partially occluded CCs
displayed the presence of SC inner wall distension and
adhesion into the orifice, and/or the presence of some
occlusive material within the CC orifice. Total occlusion
consisted of complete blockage of the lumen and the CC
orifice by SC inner wall and/or occlusive material.

Statistics
Values are expressed as mean 6 standard deviation. Differences in CC numbers between low and high perfusion pressure
eyes were compared using paired t-test. Results were
considered significant when P  0.05.

RESULTS
Normal eyes perfused at 10 mm Hg showed a continuous
serpentine SC with anastomosing channels (Fig. 2A) similar to
those previously reported.31,33,34 This pattern was maintained
at 20 mm Hg, but SC appeared more often as a single channel
with less continuity (Fig. 2B). The anatomic change in SC was
reflected in volume; 20 mm Hg perfused eyes (6.7 lm3) had a
3.3-fold decrease in SC volume when compared to 10 mm Hg
perfused eyes (22.0 lm3). In contrast, POAG eyes at 10 mm Hg
showed short lengths of SC with variable anastomotic-like
regions (Fig. 2C). This pattern was also seen at 20 mm Hg, with
more pronounced SC discontinuity and a reduction in
anastomotic-like regions (Fig. 2D). Areas with inner and outer
walls in close apposition were observed more frequently at 20
mm Hg, indicating areas of canal narrowing, collapse,
adhesion, or occlusion. In POAG eyes, the average area at 10
mm Hg was 7.0 lm3, decreasing to 3.0 lm3 at 20 mm Hg. In
POAG eyes, areas with larger SC volume tended to contain
open CCs compared to the narrower SC regions that were
found between CC orifices.
Collector channels in normal and POAG eyes were located
throughout the quadrants with no discernible pattern (Figs.
2A–D). The majority of CCs had funnel-like and tubular-shaped
orifices, with diameters between 20 and 40 lm most
commonly observed (Fig. 3). Some CCs joined intrascleral
vessels that paralleled SC. Other CCs had small orifice
diameters (10–20 lm) that extended short distances into
paralleling vessels (Figs. 3C, 3D). Portions of the plexus
adjacent to the outer wall of SC were infrequently observed.
Total CC numbers were compared in normal and POAG
eyes. In normal eyes, 28.3 6 18.3 CCs were identified in 10
mm Hg perfused eyes (Fig. 4). The number of CCs in each
paired normal eye perfused at 20 mm Hg increased 24.2% to an
average of 37.3 6 13.1 CCs/eye (P ¼ 0.13). In POAG eyes, a
similar trend occurred; 27.7 6 10.7 CCs/eye were identified in
10 mm Hg perfused eyes, and the number of visualized CCs
increased in 20 mm Hg perfused eyes by 20.9% to 35.0 6 8.2
CCs/eye (P ¼ 0.07). Total occluded CCs were observed and
confirmed in both normal and POAG eyes (Fig. 5). In normal
eyes, 9.4% of CCs (8 of 85 CCs) were totally occluded at 10 mm

Downloaded from iovs.arvojournals.org on 04/21/2021

FIGURE 3. Types of CC orifices. (A) Three-dimensional micro-CT
volume of SC with a funnel-shaped CC orifice that extends from middle
of SC and travels posteriorly. A portion of the intrascleral parallel vessel
(PV) leading away from the orifice is visible. This type of orifice was
always observed to be wider initially, then becoming narrower as it
extended away from SC. Inset contains a single radial section (6 lm)
from the surface of the 3D volume. (B) Three-dimensional micro-CT
volume of SC with a tubular-shaped CC orifice that extends a short
distance and joins an intrascleral vessel traveling adjacent to SC.
Collector channel orifices at SC and at connecting vessel are the same
size. Inset contains a single radial 6-lm section from the surface of the
volume showing the tubular orifice. Scale bars: 500 lm (A, B).

Hg while 6.3% of CCs (7 of 112 CCs) were totally occluded at
20 mm Hg. Similar results were seen in POAG eyes perfused at
10 mm Hg, with 7.2% of CCs (6 of 83 CCs) totally occluded. In
contrast, 24.8% of CCs (26 of 105) in POAG eyes perfused at 20
mm Hg were totally occluded. Considering that totally
occluded CCs will have at minimum reduced ability to move
fluid, comparison of open CCs (excluding total occlusions) in
normal eyes showed CC numbers increased by 26.6% from 10
mm Hg (25.7 6 14.8 CCs/eye) to 20 mm Hg (35.0 6 13.1, P ¼
0.02) while POAG eyes showed negligible change in CC
numbers (2.3%) from 10 mm Hg (25.7 6 10.7) to 20 mm Hg
(26.3 6 8.5, P ¼ 0.85).
While CC numbers increased in normal eyes with increasing perfusion pressure, average orifice diameter remained
unchanged but CC orifice area decreased. In normal eyes, CC
orifice diameter was 34.3 6 17.8 lm at 10 mm Hg but slightly
decreased to 32.7 6 13.0 lm at 20 mm Hg. Collector channel
orifice area decreased by 11.4% from 9962.8 lm2 in 10 mm Hg
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FIGURE 4. Collector channels in normal and POAG eyes. (A) Average number of CCs increases in normal (n ¼ 3) and POAG (n ¼ 3) eyes when
pressure increases from 10 to 20 mm Hg. Number of open and partially open CCs increases in normal eyes from 10 to 20 mm Hg but does not
change in POAG eyes. (B) Number of totally occluded CCs increases nearly 4-fold in POAG eyes at 20 mm Hg compared to normal eyes at 20 mm Hg.

normal eyes to 8825.2 lm2 in 20 mm Hg normal eyes. In POAG
eyes, CC orifice diameter decreased by 20% from 36.2 6 19.1
um at 10 mm Hg to 29.0 6 13.8 lm. A 19.7% decrease in CC
orifice area was observed in POAG eyes (8049.2 lm2 in 10 mm
Hg eyes to 6468.4 lm2 at 20 mm Hg).

DISCUSSION
The distal portion of the conventional outflow pathway is
responsible for nearly 50% of outflow resistance in lowpressure perfused eyes. As perfusion pressure increases, the SC
and CCs still contribute 30% of total outflow resistance
through the conventional outflow pathway.12 Even with the
reported importance of the distal outflow pathway, no studies
have compared the anatomic changes in SC and CCs at various
pressures between normal and POAG eyes. This region has
undergone minimal examination due to technical limitations in
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imaging the conventional outflow pathway as a whole. Using
3D micro-CT, we have compared the anatomic changes in SC
and CCs in normal and POAG eyes using low (10 mm Hg) and
high (20 mm Hg) perfusion pressures. In both normal and
POAG eyes, SC and CCs were anatomically responsive to
increases in perfusion pressure. In response to high pressure in
normal eyes, SC volume and CC orifice area decreased while
CC orifice diameter remained relatively constant. High
pressure resulted in normal eyes having a 26.6% increase in
observable open CCs. In POAG eyes, SC volume, CC diameter,
and CC orifice area were decreased when pressure was
elevated from 10 to 20 mm Hg. In contrast to findings in
normal eyes, the number of open CCs in POAG eyes did not
change between 10 and 20 mm Hg. Partial and total occlusions
were present in normal eyes, but a greater number of total CC
occlusions were observed in POAG eyes at high pressure.
Previous studies have reported 24 to 31 CCs in immersed
eyes and 25 to 31 in low-pressure perfused specimens.18,25 Our
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FIGURE 5. Juxtacanalicular expansion into CC orifice. (A) Three-dimensional micro-CT image (2 lm) showing JCT expansion (asterisk) into CC
(imaged from eye perfused at 20 mm Hg). Long arrows indicate boundaries of CC orifice. Inner wall adhesion to outer wall of SC was observed in
region just past the orifice (short arrow). (B). Correlative 1-lm plastic section of same region as in (A) with expanded JCT (asterisk), CC orifice
(long arrows), and area of adhesion of JCT (short arrow) just past the orifice. Regions similar to this that were adherent in several sections but
cleared were evaluated as open CCs. (C) Three-dimensional micro-CT images (2 lm) of an occluded CC (asterisk; imaged from eye perfused at 20
mm Hg), triangular in shape, and its orifice filled with light gray material. Area of adhesion can be seen posterior to occluded CC. (D) Correlative 1lm toluidine blue–stained plastic section of (C) showing anterior CC (asterisk) filled with light blue occlusive material extending into the sclera.
Area of adhesion can be seen posterior to the CC orifice. Ocl CC, occluded collector channel. Scale bars: 50 lm (A–C); 20 lm (D). TM, trabecular
meshwork.

study found similar results in normal eyes perfused at 10 mm
Hg with an average of 28.3 CCs per eye. The number of CCs
increased to 37.3 in the contralateral eyes perfused at 20 mm
Hg. While it is possible that distension of the tissue due to high
pressure may have enlarged channels, making them easier to
identify, we do not believe this was the case since CC orifice
diameter at 20 mm Hg was nearly identical to that measured at
10 mm Hg.
While distension may have a small role in providing a means
to image additional CCs at higher pressure, an alternative
hypothesis is that some CCs at 10 mm Hg are inactive,
obscured by flaps or outer wall undulations. As pressure
increases (20 mm Hg), these flaps or outer wall undulations
retract, opening up additional CCs, enabling increased fluid
flow. Collector channels with lip-like and sieve-like structures
at CC orifices have been reported.31,35 An anatomic study done
on CC orifice structure identified an additional type of complex
orifice flap with fan-like structures that attached to both the
inner wall and the outer wall (Bentley M, et al. IOVS
2012;53:ARVO E-Abstract 3234). This CC flap could be
envisioned to move with the inner wall and outer wall,
producing an open CC orifice under high pressure and,
conversely, closing the CC orifice under low pressure. Change
in outer wall undulations to a smooth profile at high pressure
has also been reported.36 Under this scenario, CCs may be part
of a pressure-induced compensatory mechanism within the
distal portion of the conventional outflow pathway. Although
overall SC volume was reduced at high pressure, areas of open
SC volume were generally associated with CCs. The reduced
SC volume at high pressure is similar to observations in a study
by Van Buskirk and Grant,37 who found only a partial collapse
of SC using perfusion at 20 mm Hg. This compensatory
mechanism may serve to alleviate stress during acute rises in
pressure but may become limited in chronic pressure elevation
or increases in pressure past a certain threshold level.
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Experiments that can visualize CCs in real time are required
to determine if some CCs are inactive due to flap closures but
can respond to fluid flow under high pressure. Whether the
change observed in CCs is a passive response to pressure or
whether an active mechanosensitive response is required to
activate the compensatory CCs will need to be determined.
Another observation from this study is that POAG eyes
perfused at 10 mm Hg have SC dimensions similar to those of
normal eyes perfused at 20 mm Hg. Normal eyes perfused at 20
mm Hg (6.7 lm3) and POAG eyes perfused at 10 mm Hg (7.0
lm3) had nearly identical SC volume and similar CC orifice area
(8825.2 and 8049.2 lm2). The percent of total occlusions was
also similar between normal eyes perfused at 20 mm Hg (6.3%)
and POAG eyes at 10 mm Hg (7.2%). This may indicate that
occlusions observed in aging eyes are not reversible but are a
permanent change. With aging, changes in the inner wall and
outer wall during short bursts of high pressure, for example,
during normal head movement and sneezing,38 may occur with
resistance due to apposition, fibrosis, and occlusion. The
similarity of 10 mm Hg perfused pressure POAG eyes with high
perfusion pressure normal eyes suggests that POAG eyes may
have lost their ability to compensate for increased pressure
through use of CCs from the reserve pool. Remodeling of the
extracellular matrix in the inner and outer wall may reduce SC
and CC elasticity, making this area less pliable and stiffer.
Increased stiffness and extracellular matrix deposition have
been reported in the trabecular meshwork in POAG eyes.39,40
The loss of outer wall elasticity may explain the same number
of nonoccluded CCs found in POAG eyes at 10 and 20 mm Hg,
suggesting an inability of POAG eyes to compensate for
pressure-induced changes. It is interesting to note that all
three POAG patients were on various ocular hypotensive
medications, yet none of the POAG eyes had SC and CC
dimensions similar to those of normal eyes at low pressure.

Distal Outflow Pathway at Low and High Pressure
Total occluded CCs were observed in normal and POAG
eyes at both 10 and 20 mm Hg. While less than 10% of CCs had
total occlusions in normal eyes at 10 and 20 mm Hg, total
occlusions in POAG eyes were present in 24.8% of CCs at 20
mm Hg. The increased number of total occlusions in POAG
eyes observed at higher perfusion pressures indicates that
many of the CCs may be rendered partially or totally
nonfunctional in POAG. Distension of the JCT into CC orifices
has been observed under experimentally induced high
pressure.20,21 In normal eyes, distention of the inner wall
may interfere only sporadically with CCs due to a large SC
volume and reduced inner and outer wall juxtaposition. In
POAG eyes, SC volume is reduced under high pressure,
providing increased likelihood of apposition between inner
and outer walls. This could lead to increase adhesion areas
under elevated pressure, minimizing fluid flow and eventually
resulting in totally occluded CCs. The occluding material may
be a local production of extracellular material from aging SC
endothelial cells, JCT cells, or CC endothelial cells. Characterization of the composition of the occlusive material may serve
to identify its origin and provide an opportunity to interfere
with its production and minimize its occlusive potential.
In summary, this study suggests that decreased outflow
facility in POAG eyes may be due to a decrease in SC area and
an increase in total occlusions resulting in a reduced number of
open CCs available for fluid movement. Results also indicate a
loss of adaptation in SC and CCs in POAG eyes to counteract an
increase in pressure. While this study assessed nearly 200 CCs,
it is limited due to the small number of individual eye pairs (n ¼
3 normal and n ¼ 3 POAG). Additionally, while all normal eyes
were from individuals in their 60s, two pairs of the POAG eyes
were from individuals in their 80s. This leaves open the
possibility that some of the differences we observed were due
to age-related changes. Future SC and CC three-dimensional
studies in additional human eyes will help in further validating
the anatomic changes in normal and POAG eyes under
pressure, and to elucidate the function and contribution of
the distal outflow pathway to outflow facility.
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