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PURPOSE. We determined whether the scleral spur is shorter in primary open-angle glaucoma
(POAG) eyes compared to age-matched normal eyes and whether the collapse of Schlemm’s
canal (SC) is more prevalent in eyes with a shorter scleral spur.

METHODS. The anterior segments of normal (n ¼ 20) and POAG eyes (n ¼ 20) were fixed and
processed for light microscopy. The scleral spur length, ratio of posterior trabecular
meshwork (TM) insertion into the scleral spur to the posterior TM height, and the percentage
of SC collapse were measured. Analysis using an existing mathematical model was conducted
to estimate the distances that the scleral spur theoretically would move in vivo and to
determine if these distances would be sufficient to keep SC open in POAG compared to
normal eyes.

RESULTS. The mean scleral spur length was significantly shorter in POAG eyes compared to
normal eyes (P < 0.0001). A higher mean percentage of SC collapse was found in POAG eyes
than in normal eyes (P < 0.0001). Estimated posterior movement of scleral spur in POAG eyes
was less than sufficient to prevent the collapse of SC. A significant negative correlation was
found between the posterior scleral spur movement and percent collapse of SC (P < 0.0001).

CONCLUSIONS. A shorter scleral spur found in POAG eyes was associated with a higher percent
of SC collapse. Our data suggest that a shorter scleral spur may be a risk factor in the
development of POAG by being insufficient to hold SC open.

Keywords: scleral spur, Schlemm’s canal, trabecular meshwork, primary open-angle
glaucoma, light microscopy

Primary open-angle glaucoma (POAG) is the second leading
cause of blindness in the world.1 The primary risk factor for

POAG is elevated IOP, which is caused by increased outflow
resistance somewhere in the trabecular meshwork (TM)
outflow pathway.2–4 The main resistive site is believed to be
within the inner wall endothelium of Schlemm’s canal (SC), its
basement membrane, and underlying extracellular matrix in the
juxtacanilicular tissue.3–5 Nevertheless, other factors, including
short scleral spur lengths,6–8 are believed to be involved in the
pathogenesis of POAG.

The scleral spur is a shelf-like structure formed from a
projection of the sclera, bordered anteriorly by the corneo-
scleral portion of the TM and posteriorly by the longitudinal
fibers of the ciliary muscle.9 The scleral spur contains circum-
ferentially oriented elastic and collagenous fibers, which give it
its rigidity relative to other parts of the sclera.10 In addition, the
scleral spur also contains spindle-shaped, circularly oriented
contractile myofibroblast cells, also known as scleral spur
cells.11,12 Elastic fiber tendons from the longitudinal fibers of
the ciliary muscle project anteriorly into the scleral spur and
join with the elastic fibers of the scleral spur.13 The elastic
fibers of the scleral spur are continuous anteriorly with the
elastic fibers in the TM, terminating in the juxtacanilicular
tissue underneath the endothelium of SC.9–11 Given the scleral
spur’s rigid nature and the type of network that it forms with
the neighboring ciliary muscle and TM, the scleral spur has long

been hypothesized to have a key role in maintaining the
patency of SC, and, thus, facilitating aqueous outflow. The
scleral spur serves this role by acting as a means for the ciliary
muscle to exert its force on the TM via posterior displacement
of the scleral spur, and in doing so, facilitating aqueous egress
by separating the trabecular beams, and, thus, opening and
supporting SC.7,9,14

One treatment for lowering IOP in POAG is pilocarpine, a
drug that increases aqueous outflow by inducing contraction of
the ciliary muscle, which then opens up the beams of the TM.
The drug’s effectiveness is lost upon severing the anterior
attachment of the ciliary muscle from the scleral spur, which
demonstrates the importance of this network in the aqueous
outflow pathway.15,16 In addition, the finding that the posterior
part of SC where the scleral spur exerts the most force is wider
than the anterior also is testament to this function of the scleral
spur in keeping the canal open.17

One previous study found a shorter scleral spur in POAG
eyes compared to normal eyes, but did not provide a detailed
description of the methods of measurment.8 This finding led to
the hypothesis that a short scleral spur compromises the
‘‘ciliary muscle–scleral spur–trabecular meshwork’’ network,
which leads to the collapse of SC and subsequent increase in
IOP in POAG patients.8,17–19 Only one other study to our
knowledge reported a measurement for the length of the scleral
spur in normal eyes; however, this study did not explicitly
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explain how the measurement was done.20 The reported
values for the scleral spur length in normal eyes from these two
studies were so different that additional confirmation is
required.

In this study, we hypothesized that the scleral spur is
shorter in eyes with POAG compared to age-matched normal
eyes and that the shorter scleral spur may be insufficient to
hold SC open, resulting in the collapse of SC in eyes with
POAG. To test our hypothesis, we developed a clear and
accurate method to measure the scleral spur length to assess
differences between normal and POAG eyes, and we examined
the relationships between scleral spur length and percentage
of SC collapse and between scleral spur length and age of the
POAG patients at diagnosis. In addition, a mathematical
analysis using an existing model20 was conducted to estimate
the distances that the scleral spur theoretically would move in
vivo, and to determine if these distances would be sufficient to
keep SC open in POAG eyes compared to normal eyes.

MATERIALS AND METHODS

Materials

A total of 20 POAG eyes from 13 donors (67–90 years old) with
clinically confirmed diagnoses of POAG and 20 age-matched
normal eyes from 16 donors (63–92 years old) without any
known ocular diseases were obtained from the National

Disease Research Interchange (NDRI; Philadelphia, PA, USA)
and San Diego Eye Bank (San Diego, CA, USA) within 24 hours
postmortem. Normal eyes also were confirmed to be grossly
normal by examination under a dissecting microscope. A
summary of the donor characteristics is shown in Tables 1 and
2. The mean ages of normal and POAG eyes were not
statistically different (unpaired t-test, P ¼ 0.097). In four of
the normal and seven of the POAG donors, both eyes were
used. All donor eyes were used in accordance with the
guidelines regarding use of human subjects and tissues as
outlined in the Declaration of Helsinki.

Methods

Eye Processing. Whole eyes with a small cut at the
equator were immersion-fixed (0 mm Hg) with a modified
Karnovsky’s fixative (2% paraformaldehyde and 2.5% glutaral-
dehyde in phosphate buffer, pH 7.3) for three hours at room
temperature. Each fixed eye was cut into anterior and posterior
segments through the equator, followed by careful removal of
the vitreous body and lens. Anterior segments of the eyes then
were divided into four quadrants (designated temporal, nasal,
superior, and inferior). Histological sections of 1 to 1.5 mm
were cut radially. The sections were postfixed with 2% osmium
tetroxide in 1.5% potassium ferrocyanide for two hours,
dehydrated in an ascending series of ethanols, and embedded
in Epon-Araldite (Electron Microscopy Sciences, Hatfield, PA,
USA). Some tissue samples without known specific quadrants
from previous studies, fixed similarly, were used in this study.
Serial semithin sections (3 lm) were cut and stained with 1%
toluidine blue (Fisher Scientific Co., Waltham, MA, USA) to
identify the scleral spur, TM, and SC. Light micrographs were
taken at a magnification of 103 to analyze any differences
between the normal and POAG eyes. In 12 POAG eyes and 10
normal eyes, the images from all four quadrants were analyzed
by repeated measures ANOVA, and no statistical difference was
found (P¼0.972) between the quadrants within each eye in all
of the characteristics measured. Post hoc analysis was
performed with a Tukey HSD test to compare all pairs of
quadrants, and no significant difference was observed in any
pair of quadrants. In all other eyes, two images from different
quadrants were analyzed.

Photographs of the histological slides were taken using
QCapture (v2.73.0; Advanced Imaging Concepts, Inc., Prince-
ton, NJ, USA) and examined. All measurements were taken
three times using ImageJ (v1.46; National Institutes of Health
[NIH], Bethesda, MD, USA), and the data analyzed were the
means of the three measurements for each donor eye.

TABLE 1. Donor Information of Normal Eyes

Donor ID Age/Sex Eye(s) Cause of Death

1 63 F Right End stage dementia

2 66 F Right Cardiac arrest

3 67 M Right Cardiac arrest

4 68 M Both Lung cancer

5 69 M Right Motor vehicle accident

6 70 F Right Respiratory failure

7 76 M Right Bowel obstruction

8 78 M Both Liver failure

9 78 F Both Unknown

10 78 M Right COPD

11 79 F Right Congestive heart failure

12 83 M Both Respiratory failure

13 83 F Right Congestive heart failure

14 83 M Right Prostate cancer

15 85 M Right Respiratory failure

16 92 M Right GI bleed

TABLE 2. Donor Information of POAG Eyes

Donor ID Age/Sex Eye(s) Age at POAG Dx Medications Cause of Death

17 67 F Both 65 X Congestive heart failure

18 74 M Right 73 T CVA

19 76 M Both 54 B CVA

20 78 F Right 72 Pi, T Cardio-pulmonary arrest

21 78 M Right 78 Pr Cardiac arrest

22 79 F Both 76 Al, L, T, X CVA

23 79 M Both 49 Az, T, TZ Acute renal failure

24 80 M Right 70 N/A Unknown

25 80 M Both N/A N/A Respiratory failure

26 85 M Left 65 X Neck cancer

27 88 F Both N/A C CVA

28 90 M Left 60 T, X Congestive heart failure

29 90 F Both N/A X Respiratory failure

Al, Alphagan; Az, Azopt; B, Betoptic; C, Combigan; L, Lotemax; Pi, Pilocarpine; Pr, Propine; T, Timolol; TZ, Travatan Z; X, Xalatan.
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Additionally, another trained, masked observer (JL) repeated all
measurements to confirm the repeatability of the method. The
percentage difference between two individuals was 4.68%,
which demonstrated no significant statistical difference.

Measurement Methods. The length of the scleral spur
was measured by three different methods, one developed in
this study and two from previous literature.17,20 Since the two
previous studies were not explicit in their methods and did not
provide a figure,17,20 we developed a clear and accurate
method to measure the true length of the scleral spur,
including its slight curvature. In our method, a line was drawn
from the point where the sclera curves out to form the spur,
usually located near the posterior end of SC, to the point
where the sclera begins again (Fig. 1A, dotted line). This line
demarcated where the scleral spur ends and the sclera begins.
Then, a curved line was drawn from the tip of the scleral spur
to the dotted line, bisecting the width of the scleral spur at
every point and representing the scleral spur length (Fig. 1A,
solid line). In the second method (method of Nesterov and
Batmanov17), we attempted to replicate their measurements of
the scleral spur length, defined as the distance ‘‘from its tip to
the level of the posterior end of SC,’’ by measuring from the tip
of the scleral spur, directly to the level of the posterior end of
SC (Fig. 1B). In the third method (method of Moses and

Arnzen20), we attempted to interpret and replicate their
estimation of the scleral spur length in normal eyes by
measuring along the anterior side of the scleral spur from the
tip to the level of the posterior end of SC in normal and POAG
eyes (Fig. 1C). In addition to the length, the cross-sectional area
of the scleral spur was measured by tracing the perimeter of
the scleral spur, which includes the dotted line shown in
Figure 1A as a border between sclera and scleral spur.

To evaluate the effect of the scleral spur length on the TM,
the ratio of TM inserted into the anterior border of the scleral
spur to the entire posterior height of the TM also was
measured. The entire posterior height of the TM was measured
from the point where the sclera curves out to form the scleral
spur, along the anterior edge of the spur, ending where the TM
meets the anterior chamber (Fig. 1D, green line). The amount
of TM attached to the anterior aspect of the scleral spur was
measured from where the sclera curves out by the posterior
end of SC, along the anterior part of the spur and ending at the
tip of the scleral spur (Fig. 1D, red line).

To use a previously established mathematical model20 to
estimate the theoretical in vivo change in scleral spur position
after ciliary muscle contraction, the angle between the scleral
spur and scleral sulcus was measured by the method outlined
by Grierson et al.15 The scleral sulcus was demarcated as a line

FIGURE 1. Methods for measurements. (A–C) Measurements of the scleral spur length. Three methods were used to measure the scleral spur
length, as shown in a 72-year-old normal eye. In our method (A) the solid line represents scleral spur length, drawn from the tip of the scleral spur
to the middle of the red dotted line, which connects the anterior and posterior points where the sclera curves out to form the spur. In the method
of Nesterov and Batmanov8 (B) the measurement was taken from the level of the anterior base of the scleral spur, directly to the level of the
posterior end of SC. In the method of Moses and Arnzen20 (C) scleral spur length was measured by the red, solid line from the tip of the scleral spur
to the level of the posterior end of SC, along the anterior side of the scleral spur. (D) Measurement of the ratio of TM insertion into the scleral spur
to the total posterior height of TM, shown in the same eye as in (A–C). The red line represents the length of TM insertion in the scleral spur; the
green line represents the total posterior height of TM from the anterior chamber to SC. (E) Measurement of the angle between the scleral sulcus and
the scleral spur shown in the same eye as in (A–D). A straight, red line through the anterior and posterior ends of SC was drawn to designate the
scleral sulcus as outlined by Grierson et al.15 The straight, red line from the tip of the scleral spur was drawn to designate the axis of the scleral spur
and to identify the desired angle. The curved line indicates angle measured. (F) Measurement of the percentage of collapse of SC, shown in a POAG
eye. The red line represents the width of SC collapse; the green line represents the total width of SC.
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passing through the anterior and posterior aspects of SC. In
instances where SC was collapsed, an attempt was made to
find where the canal would be located. The angle was
measured where the line demarcating the scleral sulcus meets
the line traced from the tip of the scleral spur and along its axis
(Fig. 1E). Then, this angle was used with the model of Moses
and Arnzen20 to estimate the theoretical change in position of
the scleral spur upon ciliary muscle contraction.

The total width of SC and the portion of SC that was
collapsed were measured from the anterior to posterior
aspects. The percentage of collapse then was determined by
dividing the width of collapse (Fig. 1F, red line) by the entire
width of SC (Fig. 1F, green line). The maximum height of SC
also was measured from the inner wall to the outer wall at the
most open point along SC. In some POAG eyes, SC was
completely collapsed in the image. In these cases, the
maximum SC height was recorded as 0.

Statistical Methods

All statistical analyses were performed using R statistical
computing package (v3.0.1; R Foundation for Statistical
Computing, Vienna, Austria). Unpaired Student’s t-tests were
computed to compare the differences between normal and
POAG eyes in all of the observed characteristics. Multiple linear
regression analyses were performed with the scleral spur
length measurements and available clinical diagnosis data of
POAG eyes, to assess the association between the independent
variable, scleral spur length, and the dependent variable, age at
diagnosis of POAG, while controlling for sex. In instances
where the date of diagnosis was not specifically stated, an
approximation was obtained from other portions of the
patient’s ocular history, such as start date of medication. Six
POAG eyes were not included in this analysis because their
diagnosis dates were unattainable from clinical medical history
from NDRI or next-of-kin. Other correlations were investigated
using the same linear regression procedure. Multiple logistic
regression analysis was performed using all eyes (n ¼ 40) and
using only one eye (chosen randomly) from each donor (n ¼
29), to test the association between scleral spur length and
disease status (normal versus POAG). Using the intercept (b)
values from the two multiple logistic regression models, we
calculated the odds ratios and their 95% confidence intervals
(CI) to assess for possible bias from using both eyes from 11
donors. The odds ratio calculated with all eyes (0.9121; CI:
[0.8562, 0.9716]) was not significantly different from the odds
ratio calculated with only one eye from each donor (0.9246; CI:
[0.8689, 0.9840]), which indicates that the use of two eyes
from the same donor would not affect the results or
conclusions of this study.

RESULTS

Scleral Spur Length

The length of the scleral spur in POAG eyes was significantly
shorter than that in normal eyes using all three methods of
measurement (Fig. 2). Using the method devised in this study,
the mean length of the scleral spur in POAG eyes was 0.149 6
0.008 mm (mean 6 SE), which was significantly shorter than
the mean length found in normal eyes of 0.200 6 0.005 mm (P
< 0.0001, Fig. 2A). Using the method of Nesterov and
Batmanov,17 the mean length of the scleral spur in POAG eyes
was 0.057 6 0.003 mm, which was significantly shorter than
the mean length of the scleral spur in normal eyes of 0.079 6
0.003 mm (P < 0.0001; Figure 2B). Finally, using our
interpretation of the normal length estimation of Moses and

Arnzen,20 the mean length in POAG eyes was 0.111 6 0.006
mm, which was significantly shorter than the mean length in
normal eyes of 0.144 6 0.008 mm (P ¼ 0.002, Fig. 2C).

Observing the effect of the scleral spur length on the
amount of TM insertion into the anterior aspect of the spur, the
ratio of the TM inserted into the anterior aspect of the spur to
the total posterior TM height was significantly smaller in POAG
eyes (0.582 6 0.037), compared to normal eyes (0.760 6
0.013, P < 0.0001, Fig. 3).

When analyzing the effect of scleral spur length on the age
at diagnosis of POAG, a significant, positive linear trend was
observed, using the data collected via the method developed in
this study while controlling for sex (R2 ¼ 0.768, n ¼ 14; P <
0.001; Fig. 4). When the scleral spur length of POAG eyes
measured using our interpretation of the Moses and Arnzen20

method was plotted against age at diagnosis, a weaker positive
correlation was observed, which also was significant (R2 ¼
0.558, n ¼ 14; P ¼ 0.011). There was a weak, positive
correlation between the lengths measured using the method of
Nesterov and Batmanov17 and age at diagnosis; however, this
correlation did not reach significance (R2¼ 0.336, n¼ 14; P¼
0.154).

Other Scleral Spur Dimensions

The maximum width of the scleral spur (measured using the
dotted line in Fig. 1A) was significantly smaller in POAG eyes
(0.174 6 0.006) than that in normal eyes (0.233 6 0.009, P <
0.0001). The mean cross-sectional area of the scleral spur in
POAG eyes (0.0147 6 0.0008 mm2) also was significantly
smaller than that in normal eyes (0.0178 6 0.0009 mm2, P ¼
0.013).

Scleral Spur Posterior Movement

To use the mathematical model developed by Moses and
Arnzen,20 the angle, c, between the scleral sulcus and axis of
the scleral spur was measured and was significantly wider in
POAG eyes (21.708 6 1.188), compared to normal eyes (17.378
6 0.748, P ¼ 0.004, Fig. 5). Using the Moses and Arnzen20

model to predict the posterior movement (Dh) of the scleral
spur upon ciliary muscle contraction (Fig. 6A), the estimated
mean distance that the scleral spur theoretically would move
posteriorly in POAG eyes (0.040 6 0.002 mm) was significantly
smaller than the predicted posterior movement of the scleral
spur in normal eyes (0.054 6 0.001 mm, P < 0.0001, Fig. 6B).
The majority of POAG eyes (16/20, 80%) had a calculated Dh
value that did not meet the minimum requirement of 0.047
mm to open the TM fully and maintain patency of SC as
determined by Moses and Arnzen,20 while the majority of
normal eyes (19/20, 95%) met their minimum requirement.

State of Schlemm’s Canal

The anterior to posterior width of SC was not significantly
different between normal (0.316 6 0.012 mm) and POAG eyes
(0.287 6 0.010 mm, P ¼ 0.074). The maximum height of SC
was significantly narrower in POAG eyes (0.024 6 0.003 mm),
compared to normal eyes (0.031 6 0.002 mm, P¼ 0.049, Fig.
7A).

We found SC to be collapsed in the anterior portion of all
POAG eyes, consistent with the findings of Nesterov et al.8 In
normal eyes, the majority (17/20) of SC remained fully patent;
three samples showed partial collapse, but none of them was
completely collapsed. The average length of SC that remained
patent in POAG eyes (0.159 6 0.011 mm) was significantly
shorter than the patent length in normal eyes (0.311 6 0.001
mm, P < 0.0001). The mean percentage of collapse in POAG
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FIGURE 2. Mean scleral spur length in normal and POAG eyes. (A) Using our method, the mean scleral spur length was significantly shorter in POAG
eyes (0.149 6 0.008 mm) than in normal eyes (0.200 6 0.005 mm, P < 0.0001). Error bars: SE. **P � 0.001. (B) Using the method of Nesterov and
Batmanov,17 mean scleral spur length was much shorter than the measurement by our method, but it also is significantly shorter in POAG eyes
(0.057 6 0.003 mm) compared to normal eyes (0.081 6 0.003 mm, P < 0.0001). Error bars: SE. **P � 0.001. (C) Using the method of Moses and
Arnzen,20 mean scleral spur length was shorter than the measurement by our method, but longer than the method of Nesterov and Batmanov.17

Similarly, the length was significantly shorter in POAG eyes (0.111 6 0.006 mm) than in normal eyes (0.144 6 0.008 mm, P¼0.002). Error bars: SE.
*P < 0.05.
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eyes was 40.1 6 4.13%, which was significantly higher than

the mean percentage of collapse of SC in all of the normal eyes

(1.78 6 1.12%, P < 0.0001, Fig. 7B). In the normal eyes that

showed SC collapse (n¼ 3), the mean percentage was 11.90 6

4.40%. Finally, we compared the length of the scleral spur

measured using our method in eyes with collapse of SC (0.154

6 0.007 mm) and those without collapse of SC (0.203 6 0.005
mm), and eyes with collapse of SC had a significantly shorter

scleral spur (P < 0.0001). Then, we investigated the possibility

of a correlation between estimated distance of scleral spur

posterior movement (Dh) and the percentage of collapse of SC;

we found a statistically significant negative correlation using all

eyes in a multiple linear regression analysis controlling for sex

and age (R2¼ 0.642, n¼40; P < 0.0001; Fig. 8A), showing that

eyes with a smaller Dh usually exhibited more percent collapse

of SC. Additionally, we examined the correlation between the

Dh and percentage of SC collapse specifically in those eyes that

exhibited SC collapse using a multiple linear regression analysis

controlling for sex and age, and we found a significant,
negative correlation (R2 ¼ 0.527, n¼ 23; P < 0.001; Fig. 8B).

DISCUSSION

We investigated whether the scleral spur is shorter in POAG
eyes compared to normal eyes using three different methods,
and whether a shorter scleral spur has any effect on the
patency of SC, to test our hypothesis that a shorter scleral spur
is insufficient to hold SC open, leading to subsequent collapse
in POAG.

Our major findings are that a significantly shorter scleral
spur was, indeed, detected in eyes with POAG compared to
scleral spurs in normal eyes; a significant, positive correlation
between the length of the scleral spur and age at diagnosis of
POAG was detected; using a previously established mathemat-
ical model,20 the mean theoretical posterior movement of the
scleral spur was insufficient to support and maintain patency
of SC in POAG eyes, but was sufficient in normal eyes; eyes

FIGURE 3. Mean ratio of TM insertion into scleral spur to total posterior TM height in normal and POAG eyes. The ratio of the TM insertion into the
anterior aspect of the scleral spur to the total posterior TM height was significantly smaller in POAG eyes (0.582 6 0.037), compared to age-
matched normal eyes (0.760 6 0.013, P < 0.0001). Error bars: SE. **P � 0.001.

FIGURE 4. Relationship between scleral spur length and patient age at diagnosis of POAG. A significant, positive correlation was observed between
scleral spur length (mm) and the patient’s age in years at diagnosis of POAG (R2¼ 0.768, n¼ 14; P < 0.001) by multiple linear regression analysis
while controlling for sex.
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FIGURE 5. Comparison of angle between scleral sulcus and spur in normal and POAG eyes. Mean angle was significantly wider in POAG eyes
(21.708 6 1.188) compared to normal eyes (17.378 6 0.748, P¼ 0.004). Error bars: SE. *P < 0.05.

FIGURE 6. Posterior movement of scleral spur upon ciliary muscle contraction. (A) Upon ciliary muscle contraction, the scleral spur moves from
point A to point B. A horizontal distance (Dh) of at least 0.047 mm (represented by the yellow arrow) is needed to fully open up the TM and support
SC to maintain adequate outflow, according to Moses and Arnzen.20 (B) Estimated mean theoretical distance (Dh) of scleral spur posterior
movement in normal and POAG eyes. The scleral spur in normal eyes would move a distance of 0.054 6 0.001 mm, which is greater than the
required value of 0.047 mm, whereas the scleral spur in POAG eyes would move a distance of 0.040 6 0.002 mm, which is less than the required
value and significantly shorter than the distance in normal eyes (P < 0.0001). Errors bars: SE. **P < 0.0001.
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with POAG experienced significantly more percent collapse of
SC than normal eyes; and a significant, negative correlation was
found between theoretical posterior movement of the scleral
spur and percent collapse of SC. Our results supported our
hypotheses that a shorter scleral spur exists in POAG eyes and
is insufficient to hold SC open, resulting in more prevalent
collapse of SC in eyes with a shorter scleral spur.

One previous study by Nesterov et al.8 reported the
presence of a significantly shorter scleral spur in POAG eyes
compared to normal eyes; however, we found that the method
of Nesterov and Batmanov17 actually measured the height of
scleral spur, not the length, as their values for the scleral spur
length in normal eyes were similar to the values of the scleral
spur height reported by Hamanaka et al.6 In our attempt to
replicate the values of Nesterov and Batmanov17 for their

interpretation of the scleral spur length, sometimes called the
diameter by Nesterov and Batmanov,17 we used the method of
Hamanaka6 to measure the scleral spur height in normal eyes
(Fig. 1B), and we obtained a value (0.081 6 0.003 mm) that
was similar to the Nesterov and Batmanov17 value of scleral
spur length in normal eyes (0.085 6 0.003 mm, 1-sample t-test,
P ¼ 0.276), but significantly different from the values of
Hamanaka6 of the scleral spur height in normal eyes (0.093 6

0.022 mm, 1-sample t-test, P¼ 0.039). The difference between
the Hamanaka6 value and ours could be a result of differences
in sample patient population. These values are very different
from the value of scleral spur length obtained by our method
and that of Moses and Arnzens.20 In POAG eyes, although both
of the studies by Nesterov et al.8,17 and our interpretation of
the method of Nesterov and Batmanov17 obtained significantly

FIGURE 7. Comparison of Schlemm’s canal maximum height and percentage of collapse in normal and POAG eyes. (A) Mean maximum height of SC
was significantly smaller in POAG eyes (0.024 6 0.003 mm) compared to normal eyes (0.031 6 0.002 mm; P¼0.049). Error bars: SE. *P < 0.05. (B)
Mean percentage of collapse of SC was significantly higher in POAG eyes (40.08 6 4.13%) than in normal eyes (1.78 6 1.12%, P < 0.0001). Error

bars: SE. **P � 0.001.
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smaller values, there was a significant difference between their
and our observations (1-sample t-test, P < 0.0001). Again, this
difference could be a result of differences in patient population
or our relatively small sample size compared to the report of
Nesterov and Batmanov.17 Nevertheless, the method of
Nesterov and Batmanov17 actually measures the height of the
scleral spur (as described by Hamanaka,6 from its tip to the
level of the posterior end of SC). Thus, their method (Fig. 1B)
does not provide as accurate a measure of the actual scleral
spur length as our method developed in this study. Using the
method devised in this study, which measures the length of the
scleral spur more accurately and takes into account its
curvature, we were able to come to the same conclusion as
Nesterov and Batmanov,17 that POAG eyes have significantly
shorter scleral spurs compared to normal eyes (P < 0.0001,
Fig. 2A).

A previous study by Moses and Arnzen20 reported a length
for the scleral spur (0.150 mm) in normal eyes, without
examining POAG eyes. We applied their method in this study
and obtained a similar value in normal eyes (0.144 6 0.008
mm, P¼ 0.419), and we observed a significantly shorter scleral

spur length in POAG eyes compared to normal eyes (0.111 6

0.006 mm, P ¼ 0.002). However, Moses and Arnzen20 did not
take into account the curvature of the scleral spur; thus, our
method provides the most accurate measurement of the scleral
spur length and is able to detect greater statistical difference
between normal and POAG eyes (P < 0.001) compared to their
method (P < 0.05).

Our study investigated the possible effects that a shorter
scleral spur would have on the development of POAG; we
found a significant, positive correlation between scleral spur
length and the age at diagnosis of POAG, indicating that
patients with shorter scleral spurs were diagnosed with POAG
at a younger age (R2 ¼ 0.768, n ¼ 14; P < 0.001). While this
association does not automatically imply causation, it is
probable that individuals with a shorter scleral spur may be
at a greater predisposition to POAG compared to their normal
counterparts with typically longer scleral spurs. In addition,
individuals with shorter scleral spurs may be predisposed to
develop the disease at an earlier age relative to someone who
has a longer scleral spur. Further clinical studies are needed to
verify this association.

FIGURE 8. Relationship between Dh and % SC collapse in all eyes and eyes with SC collapse. (A) Using all eyes, a significant, negative correlation
was observed between Dh (mm) and the percent collapse of SC (R2¼ 0.642, n¼ 40; P < 0.0001). (B) Using only eyes that exhibited SC collapse, a
significant, negative correlation was observed between Dh (mm) and the percent collapse of SC (R2¼ 0.528, n¼ 23; P < 0.001).
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We also found that the ratio of the length of TM inserted
into the anterior aspect of the scleral spur to the total posterior
TM height was significantly smaller in POAG eyes compared to
normal eyes (P < 0.0001, Fig. 3). This indicates that less TM
inserts into the scleral spur in POAG eyes and a shorter spur
would open significantly less TM upon ciliary muscle
contraction compared to a longer scleral spur in normal eyes;
this could increase outflow resistance and subsequently
increase IOP.20 The amount of ciliary muscle attached to the
scleral spur was not measured, because the extent of muscle
attachment is difficult to define after using a toluidine blue
stain; however, this is a possible future study.

Further analysis of the effectiveness of the scleral spur’s
posterior movement in opening up the TM and supporting SC
required a previously established, mathematical model devel-
oped by Moses and Arnzen.20 To use this model, we measured
the angle, c, between the scleral sulcus and the axis of the
scleral spur, as detailed by Grierson et al.15 The mean angle in
POAG eyes was significantly wider than the mean angle in
normal eyes (P ¼ 0.004, Fig. 5), indicating that the initial
position of the scleral spurs of POAG eyes is more posterior than
the position in normal eyes and that the scleral spur of POAG
eyes cannot move as much to the posterior as normal eyes to
open the TM and support SC, thus, leading to collapse of SC.
Collapse of SC could increase outflow resistance and IOP, which
may contribute to subsequent development of POAG.18,19

We used the mathematical model of Moses and Arnzen,20

which determined that the scleral spur must move a distance
of at least 0.047 mm posteriorly to fully open the TM and
maintain patency of SC, to evaluate and compare the
movement of the scleral spur in normal and POAG eyes using
the values that we have obtained from our measurements. In
our analysis, we assumed that all other parameters that these
investigators examined were the same between normal and
POAG eyes, except for the length of the scleral spur and the
angle, c, between the scleral sulcus and spur. We found that
the mean theoretical posterior displacement (Dh) of the scleral
spur upon ciliary muscle contraction was 0.054 6 0.001 mm
in normal eyes, which was greater than the 0.047 mm distance
needed to produce the inward bowing of the TM described by
Moses and Arnzen.20 In POAG eyes, the distance (0.040 6
0.002 mm) did not meet the minimum requirement and was
significantly smaller than that in normal eyes (P < 0.0001),
indicating that the scleral spur of a POAG eye may be unable to
open the TM and support the SC sufficiently. We used Dh as a
measure of the effectiveness of posterior displacement by the
scleral spur, since the measure accounted for the angle and the
scleral spur length. Compared to the calculated minimum of
Moses and Arnzen,20 POAG eyes have too wide angles and too
short scleral spur lengths to open the TM and support SC
sufficiently. This was supported by our observation that most
POAG eyes (16/20) in this study demonstrated an insufficient
posterior displacement. Only one normal eye did not meet the
minimum required distance; however, the calculated Dh for
this eye (0.0463 mm) was very close to the minimum. The
limitation in using this model to compare normal and POAG
eyes in our current study is that the difference in TM stiffness
between normal and POAG eyes was not taken into
consideration. Higher TM stiffness was reported previously in
POAG eyes21 and may be caused by a progressive loss of
cellularity.22 Increased stiffness in the TM may decrease
flexibility and cause an inability to return to normal resting
position after SC collapse. This would affect how effectively
the scleral spur movement could stretch the TM and increase
outflow. In addition, the observation that stiffer or denser
tissue may shrink differently (or less) in response to fixation
also was not taken into the consideration.23 Nevertheless, the
Dh value determined by Moses and Arnzen20 provides a fairly

confident measure of the effectiveness of the scleral spur’s
posterior movement in maintaining patency of SC and opening
the TM. Therefore, the shorter scleral spur lengths and wider
angles in POAG eyes, combined with significantly less TM
insertion, may have a role in the pathogenesis of POAG.

Finally, we examined whether an association exists between
collapse of SC and incidence of POAG. We discovered a
significantly smaller maximum height of SC in POAG compared
to normal eyes (P ¼ 0.049, Fig. 7A), and a significantly higher
percentage of collapse of SC in POAG, compared to normal eyes
(P < 0.0001, Fig. 7B). These findings suggested that the longer
scleral spur of normal eyes provides support for SC, whereas in
POAG eyes, SC collapse is more prevalent, due to lack of
support from the shorter scleral spur, as shown by the Dh values
of nearly all POAG eyes falling below the required minimum
value. Another possible explanation as to why a shorter scleral
spur in a POAG eye might lead to SC collapse is that shorter
scleral spurs have less TM attachment than normal eyes. Thus,
when the ciliary muscle contracts in POAG eyes and pulls on
the scleral spur, it moves a shorter distance to the posterior,
opening up fewer layers of meshwork beams and failing to
support SC; thus, outflow resistance would increase, leading to
increased IOP, which could cause further SC collapse in an ever
worsening cycle. Also, it was known that SC becomes narrower
and collapses with increasing IOP18,19,24 and in POAG eyes
compared to normal eyes.25 In addition, since no outer wall of
SC exists at the collector channel ostia, the TM can herniate into
these regions with increasing IOP.26,27 The obstruction of the
collector channel ostia also was reported in the eyes with POAG
histologically28 and clinically,29 which could further decrease
aqueous humor outflow and increase IOP.

In this study, we found that a shorter scleral spur could
compromise the ‘‘ciliary muscle-scleral spur-trabecular mesh-
work’’ network that normally works to maintain patency of SC.
This hypothesis was supported by our finding that the mean
scleral spur length was significantly shorter in eyes with SC
collapse compared to eyes with a fully patent SC (P < 0.0001).
Finally, we examined Dh, as a measure of the effectiveness of
the scleral spur in maintaining patency of SC and opening the
TM, alongside percent collapse of SC to observe any possible
correlation. With all eyes, we found a significant, negative
correlation (R2¼0.642, n¼40; P < 0.0001; Fig. 8A), indicating
that an eye with a smaller Dh value, which accounts for the
spur length and angle, is likely to experience more percent
collapse of SC than an eye with a higher Dh value. This also
indicates that if the scleral spur is significantly shorter or if the
angle is significantly wider than the average normal value, the
eye would be more likely to experience SC collapse. We also
examined the same correlation using only the eyes that
exhibited SC collapse, and the correlation was still significant
(R2¼0.528, n¼23; P < 0.001; Fig. 8B). This demonstrated that
the scleral spur does have an important role in keeping SC
open and that this relationship between Dh and percent SC
collapse was significant, although a relatively small number of
eyes was examined.

There are several limitations in this histological study using
immersion-fixed enucleated eye tissue. We do not know how
the changes in IOP, episcleral venous pressure, and normal
ciliary body tone would affect the position of the scleral spur
and SC. Further in vivo studies will be needed to determine
whether our findings would be comparable to in vivo
physiological conditions.

In summary, we found a shorter scleral spur in POAG eyes
compared to those in age-matched normal eyes. We observed a
high incidence of SC collapse in POAG eyes, which we believe
is due to insufficient support of SC and TM by the short scleral
spur. In addition, a strong positive correlation was found
between scleral spur length and age at POAG diagnosis. Our
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data also suggested that SC collapse is much more prevalent in
eyes with Dh values that do not meet the theoretical minimum
of Moses and Arnzen.20 If this value were measurable in vivo, it
might provide additional means for management of POAG.

Anterior segment optical coherence tomography (OCT) has
been used extensively in vivo to identify the scleral spur and
other structures of the aqueous outflow pathway in normal
and POAG eyes.30–34 However, the resolution of current OCT
images does not appear sufficient to provide precise and
reproducible measurements of the scleral spur length. With
improvement in this technology, further in vivo imaging
studies evaluating the morphology of the scleral spur in
different stages of POAG would likely provide a better
understanding of its role in the pathogenesis of POAG.
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