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PURPOSE. The lamina cribrosa (LC) is a prime location of glaucomatous damage. The purpose
of this study was to compare LC 3-dimensional micro-architecture between healthy and
glaucomatous eyes in vivo by using optical coherence tomography (OCT).
METHODS. Sixty-eight eyes (19 healthy and 49 glaucomatous) from 47 subjects were scanned
in a 3.5 3 3.5 3 3.64-mm volume (400 3 400 3 896 pixels) at the optic nerve head by using
swept-source OCT. The LC micro-architecture parameters were measured on the visible LC
by an automated segmentation algorithm. The LC parameters were compared to diagnosis
and visual field mean deviation (VF MD) by using a linear mixed effects model accounting for
age.
RESULTS. The average VF MD for the healthy and glaucomatous eyes was 0.50 6 0.80 dB and
7.84 6 8.75 dB, respectively. Beam thickness to pore diameter ratio (P ¼ 0.04) and pore
diameter standard deviation (P < 0.01) were increased in glaucomatous eyes. With worse MD,
beam thickness to pore diameter ratio (P < 0.01), pore diameter standard deviation (P ¼
0.05), and beam thickness (P < 0.01) showed a statistically significant increase while pore
diameter (P ¼ 0.02) showed a significant decrease. There were no significant interactions
between any of the parameters and age (all P > 0.05).
CONCLUSIONS. Glaucomatous micro-architecture changes in the LC, detected by OCT analysis,
reflect beams remodeling and axonal loss leading to reduction in pore size and increased pore
size variability.
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laucoma is an optic neuropathy that is the second leading
cause of blindness worldwide.1 A leading target for
glaucomatous damage is the lamina cribrosa (LC), a meshwork
of collagen fibers through which all retinal axons pass. Previous
ex vivo histologic studies on the LC have reported regional
differences in areas associated with glaucomatous damage.2–4
The authors note compression of the LC,2 decreased pore size,3
and elongation of pores4 in glaucomatous eyes.
Recently, optical coherence tomography (OCT) has been
used for in vivo imaging of the LC.5 Advances in OCT
technology, including deeper signal penetration and increased
scanning speeds,6 allow in vivo 3-dimensional (3D) imaging of
LC at an unprecedented level of detail; the technology enables
visualization of LC micro-architecture such as individual beams
and pores.
However, current studies looking at in vivo LC changes in
glaucoma, using OCT, have been primarily limited to analyzing
macro-architecture features. Researchers have investigated
features such as insertion points,7 anterior surface defects,8,9
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and lamina thickness.10 However, the 3D micro-architecture of
the lamina, the collagenous support structure, and the axons
passing through them have not been analyzed in vivo. Because
the ganglion cell axons are passing through the entire thickness
of the LC on their way to the brain, a thorough assessment of
the LC for glaucoma evaluation should consider the LC in its
entirety. Therefore, the purpose of this study was to examine in
vivo the 3D micro-architecture features of the LC in healthy and
glaucomatous eyes by using OCT.

METHODS
The study was conducted in accordance with the tenets of the
Declaration of Helsinki and the Health Insurance Portability
and Accountability Act. The institutional review board of the
University of Pittsburgh approved the study. Written informed
consent was given by all subjects before participation.
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TABLE 1. Difference in LC Micro-Architecture Between Healthy and Glaucomatous Eyes
LC Parameters
Pore count
Pore density, pores/mm2
Pore area, lm2
Pore volume, mm3
Pore diameter average, lm
Pore diameter SD, lm
Pore aspect ratio
Beam thickness average, lm
Beam thickness SD, lm
Beam thickness to pore diameter ratio
Lamina area, mm2
Lamina volume, mm3
Lamina volume fraction

Healthy (SD)
37.0
80.5
1970
0.0238
24.6
0.405
2.06
46.7
0.337
1.91
0.684
0.147
0.159

(18.8)
(23.5)
(310)
(0.0161)
(2.56)
(0.022)
(0.14)
(3.2)
(0.013)
(0.21)
(0.284)
(0.071)
(0.055)

Glaucoma (SD)
57.4
78.6
1800
0.0319
22.5
0.433
2.04
50.0
0.348
2.25
1.220
0.235
0.143

(24.7)
(22.5)
(330)
(0.0183)
(2.3)
(0.022)
(0.11)
(3.4)
(0.017)
(0.31)
(0.54)
(0.124)
(0.050)

Fixed Effect (95% CI)
3.31
3.69
94.9
0.010
1.32
0.022
0.00015
1.80
0.0095
0.20
0.53
0.098
0.0109

(18.3, 11.7)
(12.6, 20.0)
(122, 312)
(0.001, 0.012)
(0.25, 2.88)
(0.036, 0.008)
(0.076, 0.076)
(3.99, 0.38)
(0.022, 0.0025)
(0.38, 0.019)
(0.20, 0.13)
(0.023, 0.051)
(0.0256, 0.0474)

P Value
0.67
0.66
0.40
0.90
0.11
<0.01
0.99
0.11
0.13
0.04
0.24
0.54
0.56

The fixed effect represents the linear mixed effect model of the difference between healthy and glaucomatous eyes. Positive fixed effect
indicates a decrease in the parameter with disease.

Subjects
Sixty-eight eyes (19 healthy and 49 glaucomatous) of 47
subjects underwent a comprehensive ophthalmic examination
of the anterior and posterior segments, intraocular pressure
measurement, Swedish interactive thresholding algorithm 24-2
standard perimetry (Humphrey Field Analyzer; Zeiss, Dublin,
CA), and scanning by a swept-source (SS)–OCT device, all
performed in the same visit. Exclusion criteria for the study
were subjects with nonglaucomatous ocular diseases, neurologic and nonglaucomatous causes for visual field damage, and
intraocular surgery other than noncomplicated cataract or
glaucoma surgery. Healthy eyes were characterized as having
normal appearance of the optic nerve head (ONH) and retinal
nerve fiber layer (RNFL), and full visual fields without any
previous history of retinal diseases or glaucoma. Glaucomatous
eyes were classified by clinical examination findings characteristics for glaucoma (ONH abnormality: global rim thinning,
rim notch, or disc hemorrhage; RNFL defect) accompanied
with typical visual field loss (reproducible glaucoma hemifield
test outside normal limits). If both eyes were eligible, they
were included in the appropriate category.

Image Acquisition
The SS-OCT device used in this study has a 100,000 A-scan/s
scanning rate, a light source centered at 1050 nm, and a 5-lm
axial resolution. This system has been previously described in
detail.11 All eyes were scanned in a 3.5 3 3.5 3 3.64-mm
volume (400 3 400 3 896 pixels) centered on the ONH. Two
pairs of orthogonally oriented scan volume (horizontal and
vertical orientation raster scans) were obtained for each eye at
a rapid succession; each pair’s acquisition lasted approximately
2 seconds.

Image Processing
The two orthogonal scan volumes were registered to eliminate
motion artifacts.12 The LC was automatically segmented by
using a previously described custom-built software13 using the
open-source image processing FIJI software (in the public
domain at http://fiji.sc/Fiji).14 A number of LC parameters were
automatically measured within the entire visible LC (Table 1).
The maximum LC volume over which beams and pores could
be clearly seen was delineated and was subject to automatic
segmentation using adaptive local thresholding. Pore count,
pore area, pore aspect ratio (ratio of the major and minor axis)
were computed by using FIJI and averaged across all C-mode
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slices in the 3D volume. Lamina volume was computed as the
entire volume of the visible lamina, and lamina area represents
the maximum intensity projection of the volume in the A-scan
direction. Lamina volume fraction was computed by finding
the ratio of lamina beam volume to total lamina volume. Pore
area and aspect ratio were computed as their average from all
C-mode scans of the LC. Pore diameter and beam thickness
measurements were computed as the diameter of the largest
sphere that fits within the desired structure at a given point,
serving as true 3D parameters.15

Statistical Analysis
For a subset of eyes (n ¼ 39) with repeated scans, a
repeatability study was performed. Each scan was automatically segmented and analyzed by using the method previously
described. Repeatability was determined by computing the
imprecision standard deviation between the measurements
from the two different scans. The adjusted imprecision
standard deviation was determined by normalizing the
imprecision to the measurement average.
Linear mixed effects models were constructed to assess the
effect of age, clinical diagnostic group, and disease severity,
using visual field mean deviation (VF MD) as a surrogate
indicator, with the LC parameters. Statistical analysis was
performed by using R Language and Environment for Statistical
Computing program (version 2.15.1; in the public domain at
http://www.R-project.org).16 P values < 0.05 were considered
statistically significant.

RESULTS
The average age of healthy and glaucoma subjects was 40.9 6
11.3 and 70.9 6 9.4 years, respectively. Average VF MD was
0.50 6 0.80 dB for healthy eyes and 7.84 6 8.75 dB for
glaucomatous eyes. A sample of C-mode slices through the LC
of healthy and glaucomatous eyes is shown in Figures 1A
through 1D. Differences in LC micro-architecture between
glaucomatous and healthy eyes are not subjectively obvious.
An example of a processed image of the LC in multiple levels of
C-modes is shown in Figures 2A through 2D. to illustrate the
performance of the segmentation analysis.
The automated segmentation demonstrated high reproducibility. The relative imprecision varied from 1.8% (pore
diameter, pore aspect ratio, beam thickness to pore diameter
ratio) to 4.17% (beam thickness SD). The only exception was
pore count, which had a relative imprecision of 11.4%.
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None of the LC micro-architecture parameters showed
statistically significant association with age. Comparing the LC
micro-architecture parameters between healthy and glaucomatous eyes, only beam thickness to pore diameter ratio and pore
diameter standard deviation were statistically significantly
higher in glaucomatous eyes (Table 1). However, examining
the LC micro-architecture as a function of VF MD demonstrated
significant relationship for several parameters (Table 2).
Average beam thickness, pore diameter SD, and beam
thickness to pore diameter ratio increased with worsening
VF MD. Average pore diameter decreased with worsening VF
MD.

DISCUSSION

FIGURE 1. Lamina cribrosa C-mode of healthy (A, B) and glaucomatous
(C, D) eyes. No systematic differences are subjectively apparent
between healthy and glaucomatous eyes.

In this study we quantified in vivo 3D LC micro-architecture
noninvasively in healthy and glaucomatous eyes by using OCT.
While most published studies are limited to assessing surface
features and macroscopic characteristics, such as local surface
abnormalities and total LC thickness, our study is the first to
automatically quantify the LC micro-architecture in 3D.8–10
This feature is crucial for comprehensive evaluation of
glaucoma-associated changes in the LC as the axons trespassing
the lamina are prone to the deleterious glaucomatous effect
throughout the entire lamina. Moreover, because the microarchitecture differences between glaucoma and healthy eyes
are not readily apparent (Fig. 1), an automated quantification
method is required in order to identify differences that may not
be obvious. Using our previously described method for
automated quantification of the LC,14 we identified several
structural features that were significantly different between
healthy and glaucomatous eyes.

FIGURE 2. Segmentation examples. (A) C-mode stacks of the LC of a glaucoma subject stepping down 50-lm slices. (B) The same slices after
segmentation with laminar beams in green and laminar pores in red. Three-dimensional reconstruction of the LC (C) beams and (D) pores.
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TABLE 2. Structure-Function Relationship Between LC Micro-Architecture and VF MD
Fixed Effect (95% CI)
Pore count
1.30
Pore density, pores/mm2
0.429
11.8
Pore area, lm2
Pore volume, mm3
0.000435
Pore diameter average,
lm
0.0907
Pore diameter SD, lm 0.000731
Pore aspect ratio
0.000833
Beam thickness average,
lm
0.162
Beam thickness SD, lm 0.0000764
Beam thickness to pore
diameter ratio
0.0182
Lamina area, mm2
0.0184
Lamina volume, mm3
0.00310
Lamina volume fraction 0.000250

(1.89, 0.72)
(1.116, 0.258)
(1.5, 22.1)
(0.000928, 0.00005)
(0.0167, 0.1648)
(0.001440, 0.000022)
(0.004770, 0.003104)

P Value
<0.01
0.22
0.03
0.09
0.02
0.05
0.67

(0.267, 0.056)
<0.01
(0.0004573, 0.0006102) 0.78
(0.0266, 0.0095)
(0.0323, 0.0046)
(0.00653, 0.00033)
(0.001355, 0.001854)

<0.01
0.01
0.08
0.76

The fixed effect represents the linear mixed effect model of change
per VF MD. Positive fixed effect indicates a decrease in the parameter
with worsening disease.

Reproducibility
The subset of eyes with repeated scans demonstrated excellent
reproducibility, with relative imprecisions below 5%. The only
exception was pore count, with an imprecision of 11.4%. This
is likely caused by the fact that pore count is highly dependent
on the region of LC analyzed. Poor-quality scans can
substantially decrease the region of visible LC, thereby
decreasing the pore count. However, the automated segmentation of the LC is robust and demonstrating excellent
reproducibility.

Age-Related Changes
No LC micro-architecture parameters reached significance with
respect to age. This is in agreement from prior histology and
imaging work showing that although the LC stiffens with age17
and increases in total thickness,18 the micro-architecture is not
significantly altered.19 Detecting age-related changes may
require a larger cohort of healthy eyes.

Comparing Healthy and Glaucomatous Eyes
Our data showed an association between certain LC microarchitecture and glaucoma diagnosis (Table 1). We demonstrated a significant increase in beam thickness to pore diameter
ratio in glaucoma compared to healthy eyes. While these
results do not show causation, the results may represent LC
remodeling due to the elevated intraocular pressure, creating
thicker laminar beams to distribute the increased stress. Axonal
loss as well as remodeling would contribute to smaller LC
pores, creating a change in beam thickness to pore diameter
ratio with disease. We also observed a significant increase in
pore diameter standard deviation in glaucomatous eyes. This
may represent focal damage in glaucoma, causing some pores
to drastically lose diameter, thus increasing the variability in
pore diameter.
In our study, we did not detect a difference in pore aspect
ratio between healthy and glaucoma subjects. Previous studies
have reported slanted pores with increased pore aspect ratio in
glaucomatous eyes as assessed by fundus photography.3
However, fundus photography only represents a projection
image; photographs are generated as the sum of all reflections
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along the axis of the detector. Therefore, fundus photography
is not taking into account the 3D nature of the lamina. Pores
traveling in a diverging or converging manner would appear
elongated on projection even if they experienced no physical
elongation.

Micro-Architecture Parameters and Functional
Damage
Several more parameters were statistically significant when
comparing micro-architecture parameters and the continuous
variable of VF MD (Table 2). Similar to the results of the
diagnosis analysis, both beam thickness to pore diameter ratio
and pore diameter standard deviation were increased with
worsening VF MD. This suggests that as disease worsens, we
see progressively more remodeling in the LC, causing further
beam thickening relative to pores and focal changes. The
increase in pore count and lamina area with worsening VF is
likely due to the exposure of the lamina in enlarged cupping
with larger loss of prelaminar tissue. This likely contributed to
the borderline significance in the lamina volume as well. The
decrease in pore area with worsening disease reflects the
shrinking pores due to axonal loss.
The use of a continuous disease severity indicator, VF MD,
added two additional LC micro-architecture parameters, beam
thickness and pore diameter, that were significantly related to
VF MD. As the disease worsens, the pore diameter decreases
and the beam thickness increases, both supporting the
concept of LC remodeling in diseased eyes. The advantage of
using VF MD is that we are no longer dichotomizing the study
population into healthy and glaucomatous. Instead, we are able
to compare LC micro-architecture with a range of disease
severity and are better able to capture significant changes.

Limitations
The limitations of this study were inherent to any OCT-based
analysis of the LC. Owing to shadowing from blood vessels and
prelaminar tissue, the entire lamina cannot be seen on all
scans. We attempted to analyze and segment as much of LC as
possible, considering all regions with clearly visible LC pores
and beams. However, the temporal region tends to have the
largest area of visible LC and to have more weight in the
analysis. Despite the temporal quadrant being less sensitive to
glaucomatous damage than superior or inferior quadrants,20
our study still had sufficient power to demonstrate significant
changes in the lamina of glaucomatous eyes.
Optical coherence tomography results are not directly
comparable to histology owing to differences in optical
resolution and sampling density. Optical coherence tomography has significantly worse lateral resolution when compared
with electron microscopy or other forms of microscopy used
to study LC. Furthermore, OCT is likely to suffer from volume
fraction effects; if the OCT laser beam strikes a small area of
highly reflective lamina beam, the reflection would be
registered as a high-intensity reflection and considered as a
beam. These factors result in C-mode slices that likely
overemphasize beams, compared to histology. Therefore, the
LC volume fractions found in this article are higher than those
reported in literature.21 Compared to other in vivo imaging
studies using scanning laser ophthalmoscopy, we found similar
pore aspect ratio as well as pore area, although considerable
variability exists in pore area. Our reported pore areas were
closest to ones reported by Ivers et al.22 However, Sredar et
al.23 report smaller pore areas (~1100 lm), while Akagi et al.24
report larger values (~3000 lm). These differences are likely
due to variability in segmentation algorithm used to determine
pore area, as Akagi et al.24 use manual delineation that may be
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less likely to label smaller pores. The comparison to histology
is much more difficult, since pore area can be altered by the
digestion process and also fixation. Dandona et al.25 report
similar pore areas in the region of observed LC, while Jonas et
al.19 report larger areas.
Pore aspect ratio and pore area are summary measures
averaging all the C-mode slices within visible lamina. Therefore, they might be considered as not true 3D parameters like
pore diameter or beam thickness. Changes in the scan angle
with respect to the LC may contribute to changes in pore
aspect ratios and areas. We made an effort to ensure that the
scan angle was always perpendicular to the ONH surface
during scanning. Moreover, if the scan angle varies, the angle
distribution can be expected to be similar in both healthy and
glaucomatous eyes, thus neutralizing this effect.
In conclusion, we demonstrated changes in the LC microarchitecture as assessed with OCT in glaucomatous eyes.
Glaucomatous eyes typically had larger beam thickness to pore
diameter ratios and higher pore diameter standard deviations.
Beam thickness, beam thickness to pore diameter ratio, and
pore diameter standard deviation showed a statistically
significant increase with worsening VF MD. Meanwhile, pore
diameter decreased with worsening VF MD. These changes
may represent LC remodeling and axonal loss due to
glaucomatous damage.
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