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PURPOSE. To test the hypothesis that in healthy human eyes the
lamina cribrosa (LC) insertion into the pia mater increases with
age.

METHODS. The optic nerve heads (ONHs) of donor eyes fixed at
either 5 or 50 mm Hg of IOP were sectioned, stained, and
imaged under bright- and dark-field conditions. A 3-dimensional
(3D) model of each ONH was reconstructed. From the 3D
models we measured the area of LC insertion into the
peripapillary scleral flange and into the pia, and computed
the total area of insertion and fraction of LC inserting into the
pia. Linear mixed effect models were used to determine if the
measurements were associated with age or IOP.

RESULTS. We analyzed 21 eyes from 11 individuals between 47
and 91 years old. The LC inserted into the pia in all eyes. The
fraction of LC inserting into the pia (2.2%–29.6%) had a
significant decrease with age (P ¼ 0.049), which resulted from
a nonsignificant increase in the total area of LC insertion (P ¼
0.41) and a nonsignificant decrease in the area of LC insertion
into the pia (P¼0.55). None of the measures was associated with
fixation IOP (P values 0.44–0.81). Differences between fellow
eyes were smaller than differences between unrelated eyes.

CONCLUSIONS. The LC insertion into the pia mater is common in
middle-aged and older eyes, and does not increase with age.
The biomechanical and vascular implications of the LC
insertion into the pia mater are not well understood and
should be investigated further. (Invest Ophthalmol Vis Sci.

2012;53:6870–6879) DOI:10.1167/iovs.12-9890

Loss of vision in glaucoma is due to damage to retinal
ganglion cell axons responsible for transmitting information

from the retina to the visual centers in the brain.1,2 Evidence

shows that axonal damage occurs at the level of the lamina
cribrosa (LC), a specialized structure in the optic nerve head
(ONH).1–4 It is therefore of interest in glaucoma to understand
the anatomy of the LC, and how it changes with aging and
disease. The periphery of the LC is of particular importance
from vascular and biomechanical perspectives, because the
forces and deformations transmitted to the LC by the
surrounding load-bearing tissues and scleral canal play a key
role in the biomechanical robustness of the LC and sensitivity
to elevated IOP.1,2,5–8 In addition, much of the perfusion of the
tissues within the LC, including the retinal ganglion cell axon
bundles, is believed to be through microvessels and capillaries
from the short posterior ciliary arteries, which enter the scleral
canal from the periphery at the level of the LC insertion.9–14

We have shown that in ostensibly healthy humans between
70 and 91 years of age the LC often inserts partially into the pia
mater and not only into the sclera.15 A recent study reported
that the LCs of young ostensibly healthy monkeys did not insert
into the pia mater.16 The question thus arises as to whether in
humans the extent of LC insertion into the pia mater increases
with aging. Our goal was to measure the LC insertion into the
sclera and pia mater in healthy human donor eyes, and test the
hypothesis that the LC insertion into the pia mater increases
with age.

METHODS

Eye Preparation

Donor eyes were obtained from the Eye Bank of Canada and processed

in accordance with the provisions of the Declaration of Helsinki for

research involving human tissue. A full description of the histologic

techniques has been presented elsewhere.15,17,18 Briefly, the eyes were

placed in a custom chamber filled with physiologic saline maintained at

378. Intraocular pressure was set by adjusting the level of saline in a

reservoir connected to a cannula inserted into the eyes. IOP was then

set to either 5 or 50 mm Hg above chamber pressure, and after

equilibration for 15 minutes, the eyes were perfusion fixed by rapidly

exchanging the isotonic saline with 2.5% paraformaldehyde/2.5%

glutaraldehyde in Sorenson’s phosphate buffer while maintaining IOP

for 24 hours. When a pair of eyes was available, one eye was chosen

randomly to be fixed and reconstructed at 5 mm Hg, whereas the

contralateral eye was processed at 50 mm Hg.

Section Preparation and Imaging

After fixation, the ONH and peripapillary sclera were dissected free

from the eye, dehydrated in a series of ethanols, and embedded in JB-4

plastic using a special mold that allowed the placement of tensioned

collagen sutures for use as fiducial markers. Sagittal serial sections 2 lm

thick were cut across the entire ONH at right angles to the axes of the

fiducial markers. Sections at intervals of approximately 100 lm were

photographed under dark field illumination (Leica MZ6, Heerbrugg,

Switzerland) using a Nikon Coolpix 990 digital camera (2048 3 1536

pixels, 8 RGB bits per channel per pixel; Nikon, Tokyo, Japan) ensuring

uniform sample illumination and nonsaturation of the brightest image

regions (typically the sclera). Sections were then stained with
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picrosirius red to identify collagen, and solochrome cyanin to identify

myelin, nuclei, and blood cells, and photographed under bright field

illumination using the same procedure. Fluorescence images were

acquired (Olympus Fluoview laser scanning confocal microscope;

Olympus, Tokyo, Japan) to confirm the edges of the collagen structures

at higher resolution (1.24 lm/pixel).

Image Processing

Images were aligned and unwarped to correct the deformations that

occurred during the sectioning process (Fig. 1, top row) using a

custom modified version of TPSSuper (F. James Rohlf, SUNY, Stony

Brook, NY) based on the known fiducial marker positions as cast into

the histologic block during the embedding procedure. This method

avoided the use of anatomic features for alignment, which can lead to

artifacts.15,17 Image magnifications were calibrated using measure-

ments of inter-fiducial distances taken before sectioning.

Tissue Segmentation (Delineation)

The digital sections were segmented manually to define five tissue

regions: sclera, LC, prelaminar neural tissue, postlaminar neural tissue

(including the optic nerve), and pia mater (Fig. 1, middle row). We

used the dark-field and bright-field images to different extents

depending on the tissue being identified. The concurrent use of dark-

and bright-field images for the same section improved the decisions

made during reconstruction, since not all features of the geometry

were visible equally in all imaging modalities. The sclera was dense and

fibrous in the dark-field images, and in the bright-field images it had the

most intense picrosirius staining. The pia mater also stained well for

collagen, and was bright and amorphous in the dark-field images. The

anterior boundary of the LC was defined by the termination of the

laminar beams and the insertion points at the sclera, whereas the

posterior boundary was defined by two features: the termination of

solochrome cyanin staining, indicating a lack of myelination inside the

LC,4 and the ‘‘stacked plate’’ morphology of the connective tissues

typical of the LC.4,8,19–22 The vitreoretinal interface was distinguishable

clearly, as were the boundaries where the ONH had been cut from the

rest of the eye. To ensure consistency across all eyes, all the

segmentations were checked and adjusted by a single observer (JGF).

Surfacing and Measurement

To generate 3-dimensional (3D) reconstructions the image stack was

expanded by adding virtual sections between the ones obtained from

the histology.15,17 The new sections were cubic interpolations inserted

evenly (~33 lm apart; i.e., two interpolated sections between a pair of

original sections). The interpolated sections were then cleaned of

artefacts of interpolation and smoothed in all three projections.

Although interpolation did not add any new information, it simplified

FIGURE 1. Example of lamina cribrosa partially inserting into the pia mater. Images of a superior-inferior section of the eye from Donor 5 (A–G). A
combination of bright-field (A) and dark-field (B) images of dual-stained sections was used for tissue identification (segmentation [E]). The large
discs (A, B) are fiducial markers inserted before embedding and sectioning, and used to align and unwarp the images. A confocal image confirms the
collagen structures at higher resolution (C). The panels on the middle row are zoomed views of the region marked in (A) of either the bright-field
(D, E), dark-field (F), or confocal (G) images. (E) Outlines of the lamina cribrosa (red), sclera (orange), and pia mater (green). The section is slightly
temporal from the center of the scleral canal, which may explain the white ellipses on the prelaminar neural tissue, likely RGC axonal bundles
sectioned at an angle. Note that the segmentations were done in 3D following the process described in detail in the text, not from a single slide (H).
A stack of sections (I) then was used to reconstruct the 3D geometry of the specimen (J). Note also the thicker (D, G) and brighter (F) pia mater in
the region of lamina insertion compared to pia mater further from the lamina.
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the production of 3D geometries while preserving a physiologically

reasonable morphology. A triangulated surface mesh enclosing the

segmented tissue regions was generated using a generalized marching

cubes algorithm. Segmentation, surfacing, and visualization were

performed using commercial software (Amira Dev3.1; Visage Imaging,

Richmond, Victoria, Australia).

From 3D surfaces we measured the area of LC insertion into the

peripapillary scleral flange and pia, and from this computed the total

LC insertion and the fraction of the total LC insertion that was into the

pia. An example LC insertion is shown in Figure 1. We emphasize that

all measures were taken from the full 3D structure of the reconstructed

ONH tissues (see Supplementary Material and Supplementary Movie 1,

available at http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.

12-9890/-/DCSupplemental).

Segmentation and Surfacing Quality Control

The whole ONH was segmented and reconstructed to ensure that the

3D structures analyzed were anatomically sound, limiting the artefacts

due to tissue preparation and processing. As described in our previous

reports, a crucial element of our reconstruction process was its

iterative nature.15,17 Small iterative refinements were made to the

image alignment (translation and rotation) and segmentation to reduce

irregularities, and ensure that the tissue regions and interfaces between

them were anatomically plausible and topologically valid. For example,

tissue surfaces had to be smooth, with no bumps, ripples, or waves,

due to the discrete nature of the serial sections. Tissue regions in the

3D reconstructions had to match tissue labeling in the histologic

sections. If small adjustments were required during the iterative

process to satisfy quality requirements, changes in the segmentation

were accepted only if they matched the histologic images. This meant

that changes were made mostly to the interpolated sections, leaving

the original sections unchanged.

Statistical Analysis

We analyzed the data using linear mixed effects models with random

intercepts to determine if the measurements were associated with age

or IOP. We checked for normality and homogeneity by visual

inspections of plots of residuals against fitted values. Results were

considered significant when P < 0.05. We used the intraclass

correlation coefficient (ICC) to test whether differences in measure-

ments between contralateral eyes were smaller than between unrelated

eyes. When the measurements for contralateral eyes were identical the

ICC ¼ 1. Conversely, when they were unrelated ICC ¼ 0. Data were

analyzed statistically using the open R language and environment for

statistical computing (Version 2.14.1; R Development Core Team23)

and the R package lme4.24

Robustness of the Results

While analyzing the results, we noticed that Donor 7 was particularly

young (47 years, 18 years less than the next youngest donor) and,

therefore, that the measurements from this subject had high leverage

on the statistical model. Thus, we tested the robustness of the results

by repeating the analysis using several alternative tissue segmentations

of the eyes of Donor 7. Specifically, we used segmentations by each of

three different people (IT, JGF, and IAS), as well as with and without the

manual corrections described above. The largest differences were due

to the corrections made on the smoothness of interpolated sections

near the nasal and temporal edges of the LC. We also repeated the

analysis without the measurements on the eyes of Donor 7.

RESULTS

Twenty-one ostensibly healthy eyes from 11 human donors
aged 47 to 91 years (mean 76.05 years, SD 11.72 years) were
obtained within 24 hours postmortem (Fig. 2). After process-
ing, all four measurements were collected (Fig. 3) and analyzed
(Fig. 4, Table). The LC inserted into the pia mater in all eyes
(fraction of LC inserting into the pia ranging between 2.2% and
29.6%). The total area of LC insertion and of LC insertion into
the sclera tended to increase with age, although the effects
were not statistically significant (P ¼ 0.4092 and 0.3052,
respectively, see the table). The area of LC insertion into the
pia had a negative tendency, which was not significant (P ¼
0.5536). Differences between fellow eyes were smaller than
differences between unrelated eyes (ICC’s between 0.53 and
0.79). None of the measures was associated with the level of
IOP at fixation (P values 0.44–0.81).

The reconstructions with the alternate segmentations had
slightly different areas of LC insertion, but the statistical models
for the areas of LC insertion into the sclera, into the pia, and
total insertion remained essentially unchanged. The model of
the fraction of LC inserting into the pia mater, however, did
change. Baseline reconstructions, which we believe are the
most appropriate, had insertion fractions of 21% and 23% for
the right and left eyes, respectively. With alternate segmenta-
tions, these fractions varied between 18% and 23% for the right

TABLE. Summary of the Measurements and Statistical Models

Measurements Age

LC Insertion
Fraction of

Total into PiaSclera Pia Mater Total

Mean 76.05 y 1.20 mm2 0.17 mm2 1.37 mm2 11.9%

Median 79.00 y 1.00 mm2 0.16 mm2 1.13 mm2 10.9%

SD 11.72 y 0.43 mm2 0.15 mm2 0.52 mm2 7.1%

Minimum 47.00 y 0.65 mm2 0.03 mm2 0.69 mm2 2.2%

Maximum 91.00 y 1.94 mm2 0.69 mm2 2.33 mm2 29.6%

LME model (age)

P – 0.31 0.55 0.41 0.049

Slope – 0.012 mm2/y �0.002 mm2/y 0.012 mm2/y �0.317%/y

95% CI

Minimum – �0.013 mm2/y �0.011 mm2/y �0.019 mm2/y �0.632%/y

Maximum – 0.037 mm2/y 0.006 mm2/y 0.043 mm2/y �0.002%/y

LME model (IOP)

P – 0.64 0.44 0.78 0.81

Contralateral similarity

ICC – 0.79 0.54 0.78 0.53

LME, linear mixed effects model.
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eye, and between 20% and 25% for the left eye. The association
between age and the fraction of LC insertion into the pia was
statistically significant when considering the higher values (P¼
0.0314), but not when considering the lower ones (P¼0.0972,
Fig. 5). Disregarding the measurements on the eyes of Donor 7
resulted in a stronger negative tendency for the model of the
fraction of LC inserting into the pia mater with age, but with an
associated increase in uncertainty in the estimate, such that the
decrease with age was not statistically significant (P¼ 0.0979).

DISCUSSION

Our goal was to measure the LC insertion into the sclera and
pia mater in donor human eyes, and test the hypothesis that
the LC insertion into the pia increases with aging. Two main

findings arise from this work. First, the LC inserted universally
into the pia mater and not just into the sclera, such that the
fraction of LC inserting into the pia ranged from 2.2% to 29.6%.
Second, the fraction of the LC inserting into the pia mater
decreased with age (P ¼ 0.049), caused by a nonsignificant
decrease in the area of LC insertion into the pia (P¼ 0.55) and
a nonsignificant increase in the total area of LC insertion (P ¼
0.41). We also found that the differences in measurements
were smaller between fellow eyes than between unrelated
eyes, consistent with previous studies of LC morphology.2,15,25

None of the measures was associated with the level of IOP at
fixation (P values 0.44–0.81).

To the best of our knowledge, this is the first study of the LC
insertion in humans and its association with age. Our results
are important because the LC is the principal site of neural
tissue insult in glaucoma and, therefore, characterizing how

FIGURE 2. Dark-field (left column) and bright-field (right column) of ONH sections with LC insertion into the pia mater. The top three rows were
acquired from sections of the eyes of a single donor (right eye: [A, B]; left eye: [C]). The two bottom rows come from different donors.
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this region changes with age is necessary to understand the
normal and diseased eye. Although there is substantial
variability between eyes, the aged ONH seems to increase in
susceptibility to disease, and in particular to glaucoma.26,27 Age
is an independent risk factor for the prevalence27 and
progression of glaucomatous optic neuropathy,28,29 even
though IOP does not increase substantially with age.30,31

To our knowledge, insertion of the LC into the pia mater
was first reported by us,15 although it was proposed in 1947 by
Wilckzek.32 A recent report showed that the LCs of young
ostensibly healthy monkeys did not insert into the pia mater.16

The question thus arises as to whether in humans the extent of
LC insertion into the pia mater increases with aging, or if this is
a fundamental difference between species. The ability of the
LC to remodel has been demonstrated in monkeys.16,22,33 Eyes
with induced hypertension had significantly more posterior LC
than the contralateral control eye, sometimes posterior enough
to be partially inserted into the pia mater. Analysis of the
monkey LC structure by counting laminar beams found that, in
the early stages of experimental glaucoma, the thickening of

the LC is via the recruitment of retrolaminar tissue into the
LC.22 In humans, Jonas et al. reported some remarkable
differences in peripapillary sclera morphology associated with
high myopia, which may be due to remodeling.8 Age,
hypertension, and glaucoma have also been reported to result
in variations in scleral characteristics, including thickness and
mechanical properties.34–37

The periphery of the LC is important from vascular and
biomechanical perspectives.1,2,4,10,12,13,27,38,39 On the vascular
side, much of the perfusion to the tissues within the LC,
including the retinal ganglion cell axon bundles, is believed to
be through microvessels and capillaries that enter the scleral
canal from the periphery at the level of the LC insertion.10,13

Additionally, the aged ONH is more likely to have a
compromised blood supply,2,10,12 which may affect sensitivity
to IOP.1,2,10,12,39 The forces and deformations transmitted to
the LC by the load-bearing tissues surrounding the LC and
scleral canal have a key role in the biomechanical robustness of
the LC and its sensitivity to elevated IOP.5,6,18,33,40–46 The
biomechanical consequences of the LC inserting into the pia

FIGURE 3. Scatter plots of the magnitude of LC insertion into the sclera (top left), the pia mater (top right), the total insertion (bottom left), and the
fraction of LC inserting into the pia mater (bottom right).
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mater still are unclear, and likely depend on the mechanical
properties of the pia mater, sclera, and retrolaminar neural
tissue and septa.4,5,33,40–42,47,48 Although the LC insertion into
the pia mater was clear in the histology, it still is unknown
whether the properties of the pia mater immediately adjacent
to the LC are different from those of the pia mater elsewhere.
The pia mater immediately adjacent to the LC often is thicker
than the more distal pia.15,46,49 In a study using parametric
analysis and finite element modeling to determine the
mechanical effects of IOP on the LC, we found that LCs that
insert into the pia mater were more sensitive to the mechanical
properties of the pia than LCs that only inserted into the
sclera.40 Understanding the full extent of the biomechanical
consequences of the results we present is complicated by the
multitude of factors affecting the ONH.5,41,50–52 For example,
several studies have shown that connective tissues, among
them the monkey sclera, stiffen with aging.34–37,53,54 Paramet-
ric studies suggest that stiffening of the LC, for example, could
have very different consequences on the sensitivity of the LC

to IOP depending on other parameters, including the LC
position along the scleral canal.5,51,52 These changes will
compound with other known effects of aging on the tissues of
the ONH, such as age-related optic nerve axon loss4,47 and
thickening of the basement membranes of the laminar capillary
endothelial cells of the lamina trabeculae.4

Below, we discuss briefly the main advantages and
limitations of our methodology compared to similar ones used
to study the LC.8,18,20,22,25,45,46,49,53,55

Use of Multiple Images and Stains

Some characteristics of the ONH tissues were clearer in the
dark-field images, while others were best identified in dual-
stained bright-field images. The posterior surface of the LC, for
example, often was clearest using the stain for myelin. To the
best of our knowledge, no other study of LC morphology has
used multiple stains and multiple image modalities to identify
tissue boundaries. Segmenters were masked to the age and IOP

FIGURE 4. Fixed effects estimates based on the linear mixed effect models of the association between age and the LC insertion into the sclera (top

left), the pia mater (top right), the total insertion (bottom left), and the fraction of LC inserting into the pia mater (bottom right). The dashed line is
the best model estimate, whereas the 95% CI for the model is bounded by red lines and shaded in color. The CIs for the true regression line include
all the lines that are plausible given the observed measurements – the slope/intercept values for these lines cannot be rejected. Lines that fall outside
the CI bounds are not plausible – the slope/intercept values for these lines are rejected. Hence, CIs that allow a straight line with slope of zero
cannot reject the null association. Only the fraction of LC inserting into the pia mater was statistically significant (P ¼ 0.0486) with decreasing
fraction of insertion with increasing age.
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of the eyes. On completion, the segmentations were checked
for accuracy and consistency by two experienced segmenters
(JGF and IAS). We believed that it is unlikely that the
segmenters were biased because the eyes were segmented
several years before the hypothesis in this study was
formulated.

Measurement in Multiple Sections and 3D

The problems associated with measurements on single
sections in histologic analysis have been discussed else-
where.15,18,56 One issue is the probability of missing small or
relatively infrequent occurrences, such as the LC insertion into
the pia mater. All measurements were taken using multiple
sections. In addition, our histology used JB-4 plastic with
carefully incorporated fiducial markers, subsequently used to
unwarp the individual sections.

Iterative Checking

We used an iterative approach in which the geometric integrity
of the structure was evaluated and refined until a series of
requirements was satisfied. This ensured that all features of the

reconstructions, and hence the measurements based on them,
were consistent with each other. Without an iterative process
there is little opportunity to compensate for factors that could
affect measurements.

We recognize that delineation of tissues can be ambiguous.
Thus, we conducted an analysis on the robustness of the
results and conclusions by considering alternative tissue
delineations and measurements. The baseline case is the most
appropriate because it is the one that satisfied all the
requirements in our iterative process. Using the alternate
segmentations resulted in slight changes in the measurements,
with a consequent range in the significance of the statistical
models (P ¼ [0.03, 0.10]). Even though this range extends
above the threshold of 0.05 for statistical significance, plotting
of the model estimates and the associated confidence intervals
(CIs) shows that these differences are small from a practical
perspective. Hence, our conclusion that the fraction of LC
inserting into the pia mater does not increase with age is
robust to variability in the segmentations. The alternate
segmentations and measurements were extreme cases consid-
ered to test the robustness of the results. Our intention was to
acknowledge that there always will be some degree of
arbitrariness in the manual identification of the boundaries

FIGURE 5. Analysis of results robustness. The plot shows the point estimates (dashed lines) and 95% CIs (shaded regions) for the fixed effects
based on the linear mixed effects models obtained using two sets of values for the fraction of LC inserting into the pia mater. The decrease in
fraction of LC inserting into the pia mater was statistically significant when using the highest fraction (P¼0.0314) and baseline (P¼0.0486), but not
when using the lowest fraction (P¼ 0.0972). This is noticeable in the CIs in the table and graphically in the plot: the region shaded in green allows
for a straight line with positive slope, whereas the region shaded in yellow does not. Traditionally once a threshold for significance has been defined
(0.05 in this study) a fundamental but arbitrary distinction must be made between statistical models. Our intention with this illustration is to show
that two models that appear sharply different, by nature of one being statistically significant and the other not statistically significant, actually
represent similar associations between the parameters. For both statistical models the best estimate is that aging is associated with a decrease in the
fraction of LC inserting into the pia mater. The key difference between the models is the likelihood of this hypothesis being due to chance. Since the
threshold for significance is, in essence, arbitrary, we posit that it is more useful to interpret both models as useful even if slightly different.
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between tissues. The variability in the fraction of LC insertion
into the pia mater resulting from the use of alternate
segmentations is not an adequate measurement of error or
uncertainty in the measurements of this quantity in other eyes.
Disregarding the measurements on the eyes of Donor 7 also
resulted in changes in the model of the fraction of LC insertion
into the pia as a function of age. Interestingly, while the
estimate was more strongly negative, the widening of the CIs
meant that the model was not statistically significant (P¼0.10).
Note that we believe that there is no sound reason to exclude
the measurements from the eyes of Donor 7. We did this with
the sole intention of demonstrating that, for practical
purposes, the main conclusions of this work did not depend
on these measurements. On the statistical analysis, it also is
worth noting that the results presented do not include a
Bonferroni correction. A correction would have reduced the
threshold for statistical significance, but our analysis has shown
that the conclusions are robust to the choice of threshold,
which ultimately is arbitrary. Further, even among statisticians
there is no formal consensus for when Bonferroni procedures
should be used.57 Thus, we believe that, irrespective of a
correction, it is valid to conclude that there is no evidence that
the fraction of LC inserting into the pia mater increases with
age, and that the model estimates suggest a decrease with age,
albeit with substantial uncertainty.

Figures 1 and 2 present six sections of the optic nerve head
showing lamina insertion into the pia mater. In some of these
cases the insertion is clear in the dark-field and bright-field
images. In other cases it is difficult to distinguish. We realize
that it is worth considering why we have been able to present
lamina insertion into the pia mater that other studies of lamina
anatomy have not identified. While it is impossible to know for
certain, several factors may help explain this. First, the small
fraction of insertion into the pia mater (2.2%–29.6%) means
that in many eyes the pia insertion is easy to miss. For sections
with only a minimal insertion into the pia it seems plausible
that someone delineating the lamina cribrosa may not notice
this insertion, especially if they anticipate that the lamina may
insert only into the sclera. Second, we delineated the tissues
based on multiple images and stains. Third, we embedded the
fixed tissue in JB-4 plastic before sectioning. This is a less
common, relatively difficult technique, compared to the more
usual paraffin blocking. The reason for using JB-4 was to
maintain a more accurate anatomic structure. We combined
this with the use of fiducial markers and image unwarping.
Fourth, we delineated 3D stacks of images, not single sections.
This helps in identifying features that occur in a small fraction
of the lamina periphery, and allowed use of adjacent sections
and the iterative checking procedure to obtain more reliable
measurements. Often the lamina insertion into the pia mater
appeared in consecutive sections, reducing the likelihood of
misidentification. The images used for reconstruction were
selected as the best examples out of a larger set of sections,
improving overall quality, again reducing the likelihood of
artifacts. We also would like to point out that since our
presentation of the first evidence for pial insertion,15 others
have confirmed the phenomenon in monkeys and humans,16

using different techniques. They have even reported full
insertion of the lamina into the pia (i.e., no insertion into the
sclera in that region). We believe that the lamina insertion into
the pia mater may have been noticed long ago if more attention
had been paid to the tissues immediately adjacent to the
lamina. We recently showed an image captured by Quigley et
al. from more than two decades ago where pial insertion of the
lamina is visible.58 More recently, the interest in the tissues
adjacent to the optic nerve head has increased, leading to
improved knowledge of this region.8,59–62 Nevertheless, we
acknowledge that it is possible that other imaging techniques

or alternate definitions of what constitutes the laminar region
may lead to different understandings of the morphology of the
tissues of the optic nerve head, including the lamina cribrosa
insertion.

Limitations related to the use of serial histologic sections
have been discussed elsewhere.1,15,17,40 While we acknowl-
edge that the effects of these artifacts can be substantial, we
believe that measurements of the relative lengths of the
boundaries between tissues are insensitive to the effects of
warping and shrinkage compared with absolute measures of
length or shape, and therefore that our main conclusion,
namely that the fraction of LC inserting into the pia mater
decreases with age, is not due to these artifacts. This was
assisted further by the use of JB-4 plastic with embedded
fiducial markers. The eyes were fixed at IOPs of 5 or 50 mm Hg
for a separate study of the biomechanical effects of IOP on the
ONH, the results of which we have reported elsewhere.6,15,40

We found that variability in ONH morphology, including LC
insertion, often was greater than the differences due to IOP. It
seems reasonable to expect that the fraction of LC inserting
into the pia mater is insensitive to fixation pressure, consistent
with our finding of no association with IOP.

Our study relied on the use of postmortem eyes and,
although we enforced strict controls, we cannot exclude the
possibility that degenerative changes after death could have
altered some aspects of ONH anatomy. Since postmortem eyes
tend to be from older subjects, there may be characteristics in
the LC insertion in younger eyes that we have not accounted
for. Also, postmortem data are, by definition, cross-sectional
and longitudinal characterization of the progression of LC
insertion into the pia is necessary to determine if there is a
process of LC migration in the human that parallels that
reported in the monkey.16 This soon may be possible with the
development of imaging tools and techniques, such as longer
wavelength spectral domain optical coherence tomography
(SD-OCT) or enhanced depth OCT (ED-OCT).55,63–65 Still, it
remains to be demonstrated whether these techniques enable
imaging of the posterior LC insertion, as it generally is deep
and obscured by the overlying sclera.15,17

Although we analyzed twice as many eyes as in our previous
morphometric analysis, and more than most 3D morphometric
studies of the LC, the number still is modest. The main reason
for this was the time required for tissue processing, image
analysis and model reconstruction, which again may be
overcome by the development of advanced imaging meth-
ods.20,21,55,65–67 In summary, to our knowledge we present the
first findings to suggest that LC insertion into the pia mater is a
common phenomenon in middle-aged and older human eyes,
and that changes in the LC insertion may be part of the normal
aging process. Insertion of the LC into the pia mater may have
biomechanical and vascular implications that should be
investigated further because they could be important for
understanding the risk factors for and pathophysiology of
glaucomatous optic neuropathy.
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