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PURPOSE. The lamina cribrosa (LC) is a leading target for initial glaucomatous damage. We
investigated the in vivo microstructural deformation within the LC volume in response
to acute IOP modulation while maintaining fixed intracranial pressure (ICP).

METHODS. In vivo optic nerve head (ONH) spectral-domain optical coherence tomography
(OCT) scans (Leica, Chicago, IL, USA) were obtained from eight eyes of healthy adult
rhesus macaques (7 animals; ages = 7.9–14.4 years) in different IOP settings and fixed ICP
(8–12 mm Hg). IOP and ICP were controlled by cannulation of the anterior chamber and
the lateral ventricle of the brain, respectively, connected to a gravity-controlled reservoir.
ONH images were acquired at baseline IOP, 30 mm Hg (H1-IOP), and 40 to 50 mm
Hg (H2-IOP). Scans were registered in 3D, and LC microstructure measurements were
obtained from shared regions and depths.

RESULTS. Only half of the eyes exhibited LC beam-to-pore ratio (BPR) and microstructure
deformations. The maximal BPR change location within the LC volume varied between
eyes. BPR deformer eyes had a significantly higher baseline connective tissue volume frac-
tion (CTVF) and lower pore aspect ratio (P = 0.03 and P = 0.04, respectively) compared
to BPR non-deformer. In all eyes, the magnitude of BPR changes in the anterior surface
was significantly different (either larger or smaller) from the maximal change within the
LC (H1-IOP: P = 0.02 and H2-IOP: P = 0.004).

CONCLUSIONS. The LC deforms unevenly throughout its depth in response to IOP modu-
lation at fixed ICP. Therefore, analysis of merely the anterior LC surface microstructure
will not fully capture the microstructure deformations within the LC. BPR deformer eyes
have higher CTVF than BPR non-deformer eyes.

Keywords: lamina cribrosa (LC), optical coherence tomography (OCT), intraocular pres-
sure (IOP)

The lamina cribrosa (LC) is a collagen fiber meshwork
within the optic nerve head (ONH) with a reported ex

vivo range of average thickness of 115 to 273 μm1 and in vivo
average thickness of 335 ± 3.9 μm, in non-human primates.2

As the unmyelinated retinal ganglion cells axons exit the eye,
the LC provides them structural and nutrient support.3–5 The
crucial role of the LC in the pathogenesis of glaucomatous
optic neuropathy has been well established,6–8 but the exact
mechanism of assault has yet to be determined. Consider-
ing that the LC is roughly one-third the thickness of the

sclera and that its load-bearing components comprise only
about 40% of its volume, it is regarded as a biomechanical
weak spot of the globe.9–11 Pressure-induced deformation
of the LC triggers events, such as compromised axoplasmic
flow, reduced vascular perfusion, and astrocyte activation,
which all contribute to the development of glaucomatous
optic neuropathy.12–15

Advances in optical coherence tomography (OCT) have
led to renewed interest in studying the LC in vivo, as high-
quality, detailed scans visualizing its 3D microarchitecture
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are now available.16,17 Several studies, both in vivo and ex
vivo, have shed light on the LC structure and deformation in
humans and animal models.18–23 LC macro- (i.e. thickness
and depth)24–28 and micro-structure (pores and beams)18

parameters were reportedly associated with glaucoma.
Most studies conducted so far on the LC in vivo primar-

ily focused on the anterior laminar surface.29–34 However,
as the LC is a complex 3D structure, we propose that the
entire LC volume, not solely the anterior surface, be consid-
ered when evaluating its role in glaucoma pathogenesis. In
this study, we assess the in vivo 3D deformation of the LC
microstructure in response to acute IOP modulation while
maintaining a fixed intracranial pressure (ICP) using a non-
human primate model. In addition, we examine if anterior
LC deformations are representative of deformations occur-
ring within the lamina depth. We hypothesize that an anal-
ysis limited to the anterior LC surface is insufficient to fully
explore the acute LC dynamics and the consequent insult to
the trespassing optic nerve axons.

METHODS

Animals

Adult, healthy, rhesus macaque monkeys (Macaca mulatta)
participated in this study. The animals previously partici-
pated in other nonrelated experiments that did not affect
their eyes, brain, circulation, or immune system. All exper-
imental procedures were approved by the University of
Pittsburgh’s Institutional Animal Care and Use Committee
(IACUC) and adhere to both the National Institute of Health’s
Guide for the Care and Use of Laboratory Animals and
the Association of Research in Vision and Ophthalmology
(ARVO) statement for the use of animals in ophthalmic and
vision research. Monkeys were given access to free water
and a variety of enrichments daily, which included visual,
audio, taste, and textures, and encouraged normal primate
behavior of grooming and foraging.

Experimental Design

The animals were anesthetized and placed on a surgical
table with their head in an upright position and their body
prone. A small craniotomy was performed, through which
a lumbar catheter (Medtronic, Minneapolis, MN, USA) was
inserted into the lateral ventricle. ICP was gravity controlled
by connecting the catheter to a saline reservoir. ICP was
also monitored by a fiberoptic pressure sensor inserted into
the brain’s parenchyma (ICP EXPRESS monitoring system;
DePuy Synthes, Raynham, MA, USA). The pressure trans-
ducer was calibrated before the use by submerging into
saline. ICP was maintained at the opening pressure of each
animal ranging between 8 and 12 mm Hg. Control of IOP
was achieved by inserting a 27-gauge needle to the ante-
rior chamber, connected to a separate saline reservoir, and
adjusted by gravity control. IOP was adjusted to 3 pres-
sure settings: 15 (N-IOP), 30 (H1-IOP), and 40 mm Hg (H2-
IOP). The precision of the IOP and ICP values were within
the range of ±1 mm Hg with fluid added or withdrawn to
reach target pressure. In order to account for the viscoelas-
tic effect caused by each pressure change, a 5-minute pause
was imposed after each pressure change.35 In each pressure
setting, OCT scans of the ONH were acquired.

Anesthesia

Anesthesia was achieved with ketamine (20 mg/kg), mida-
zolam (0.25 mg/kg), and maintained with isoflurane (1 ±
3%). The subjects were intubated and artificially ventilated
to maintain an end-tidal CO2 of 35 mm Hg for the dura-
tion of the experiment. To reduce movements during scan-
ning, animals were paralyzed using vecuronium bromide
(2 mg/hour). At the end of the experiment, euthanasia was
induced using somnasol (Henry Schein, Melville, NY, USA)
at a dosage of 85 mg/kg.

OCT Imaging

The pupils were dilated using tropicamide ophthalmic solu-
tion, 0.5% (Bausch & Lomb, Rochester, NY, USA). A rigid gas
permeable contact lens (Boston EO, Boston, MA, USA) was
fitted to improve the scan quality. The eyes were kept open
using a wire speculum, and corneas were irrigated every 5
minutes. All eyes were scanned using a spectral-domain OCT
device (Leica, Chicago, IL, USA) with a scan rate of 20,000
A-scans/second and a light source with a broadband super-
luminescent diode (Superlum, Dublin, Ireland; λ = 870 nm,
�λ = 200 nm). Two to four raster scans focused on the LC
were acquired in each pressure setting using a scan pattern
of 5 × 5 × 2 mm volume (512 × 512 × 1024 samplings).

Image Analysis

The scans were subjectively inspected, and those with poor
LC microstructure visualization were excluded. The images
were analyzed in 3D using a semi-automated method we
previously described.18,36 In brief, ImageJ was used for bicu-
bic image interpolation to make the images isotropic. Images
were aligned to make Bruch’s membrane opening hori-
zontal. Regions of visible LC microstructure were manually
selected by a qualified operator masked to the microstruc-
ture analysis outcome. The best quality scans at each pres-
sure setting were registered (translation and rotation) to
each other by matching distinct structural features. Because
of the irregular structure of the LC and in order to prevent
the confounding effect related to the quantification of differ-
ent LC areas in varying testing settings, only overlapping
areas of visible LC among all settings for a given animal
were analyzed. The analyzable lamina was reported as a
percent from the Bruch’s membrane opening. A straight
plane was aligned to the anterior lamina surface and used
as a reference plane to all subsequent measurements. A 3D
automated segmentation algorithm in ImageJ was used to
quantify beam thickness, pore diameter, and beam diameter
to pore area ratio (BPR). Because the OCT device is opti-
mized for human imaging and the optical properties of each
monkey eye vary, LC measurements were adjusted based on
eye-specific histology, as previously described.2 Disc area
and disc aspect ratio were measured by manually defin-
ing the Bruch’s membrane opening using the ImageJ area
calculation feature. The microstructure measurements were
analyzed at each slice as continuous variables anteriorly to
posteriorly. The mean pore area and aspect ratio (AR) were
also calculated by ImageJ after pores were automatically
segmented. Connective tissue volume fraction (CTVF) was
calculated by dividing the area occupied with LC beams to
the entire analyzed area.

To quantitively differentiate between eyes that exhibit
deformation to those that did not, we computed the
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absolute difference in BPR between each consecutive single
pixel planes, for each eye. An arbitrarily defined thresh-
old of 0.2 was used where eyes showing absolute differ-
ence exceeding 0.2 were defined as BPR deformer and those
below 0.2 defined as BPR non-deformer. In order to exam-
ine if changes detected in the lamina surface can be used as
a surrogate of changes occurring within the lamina, the BPR
was averaged from five consecutive, most anterior, single
pixel planes. This value was compared with five consecu-
tive single pixel planes at regions within the LC depth that
displayed the absolute maximum BPR change (either posi-
tive or negative) in response to IOP modulation.

Using our previously described procedure, we computed
the displacement and deformation tensor in the 3D LC
images.37 Briefly, a digital volume correlation (DVC) algo-
rithm was used to compute the displacement field between
two image volumes at different pressure values.38 Specifi-
cally, N-IOP versus H1-IOP and H1-IOP versus H2-IOP. The
resulting displacement field was smoothed and principal
stretch values of the right Cauchy stretch tensor were calcu-
lated using a modified script from the method developed
and validated by Kroon39 and Adb-Elmoniem et al.40 Values
of first principal stretch were isolated using binary masks
for each slice corresponding to the slices studied. Due to
computational resource limitations, the images were scaled
down 20% from their original size. In each depth slice, values
of the 95th and 5th percentile of principal strain were calcu-
lated and reported as the range of strain.

Statistical Analysis

Summary statistics were provided with mean and standard
deviation. At the baseline IOP and ICP setting, a linear
mixed-effects model with a random intercept to account for
multiple frames per eye was used to test whether parame-
ters differed between BPR deformer and BPR non-deformer
eyes. Wilcoxon rank sum test was used to test whether the
absolute percentage changes in BPR were different for the
deformer versus the non-deformer eyes. Both high IOP and
very high IOP settings were considered while fixing ICP at
the baseline setting. Linear mixed-effect model was also used
to determine the effect of depth on the difference from base-
line in BPR for each single pixel plane while accounting
for the animal age and with random intercept to account
for multiple frames per eye. Association between the differ-
ence in BPR from the corresponding baseline measurement
and strain values and strain range were analyzed by linear
mixed-effects model adjusting for age with random intercept
to account for multiple frames per eye. Statistical analysis
was performed using R software version 3.5.2. A P value
less than 0.05 was considered statistically significant.

RESULTS

Eight eyes of seven healthy, adult, rhesus macaque monkeys
(Macaca Mulatta) were included in the analysis (6 OD, 2
OS; 5 male and 2 female monkeys). Baseline characteris-
tics, macro and microstructure measurements are detailed
in Table 1. The size of the analyzable lamina as a percent
from the Bruch’s membrane opening ranged between 2.9
and 17.8%, per eye. The mean number of single-pixel thick
enface slices analyzed per eye was 98 (range = 76–127), with
a corresponding analyzable depth ranging between 148.2
and 247.7 μm.

Effect of IOP Modulation

Figure 1 demonstrates the effect of IOP at various levels
(with fixed ICP) on BPR as a function of depth in all eyes.
Half of the eyes (Figs. 1A–D) showed evident BPR-expressed
deformation in response to IOP, whereas the rest did not
(Figs. 1E–H). Using the quantitative method to determine
BPR deformer and non-deformer groups, the BPR deformer
eyes (eyes A–D) had an average absolute difference in BPR
between consecutive single pixel planes of 0.48 ± 0.35
(range = 0.23–1.00), whereas in BPR non-deformer eyes
(eyes E–H), the average was 0.16 ± 0.02 (range = 0.12–0.19)
and the difference between the 2 groups was statistically
significant (P = 0.03).

Among deformed eyes, 3 main patterns were noted: (1)
increase in BPR at H1-IOP and H2-IOP, mainly at the ante-
rior and middle depth regions of the LC with no deforma-
tion in the posterior lamina (see Figs. 1A, 1D), (2) increase
in BPR that is most pronounced in the anterior and poste-
rior segment of the lamina with normal BPR in the middle LC
(see Fig. 1B), and (3) a marked increase in BPR that is limited
to roughly the posterior third of the LC thickness (see Fig.
1C). In most eyes, higher IOP induced more pronounced
deformation. One eye was an exception, where maximal
deformation was noted in a lower increase in IOP with a
similar but smaller magnitude of deformation in the higher
IOP (see Fig. 1D).

Evaluating the effect on the pores and beams separately
(Fig. 2) revealed several patterns. The rise in BPR at the
anterior lamina in higher IOP (see Fig. 1A) resulted from
increased beam thickness and decreased pore diameter,
particularly in the anterior and middle lamina (see Fig. 2A).
In Figure 2B, there is an anterior and posterior (but not in the
middle) increase in beam thickness, with a reduction in pore
diameter, corresponding to the BPR changes seen in Figure
1B. Figure 2C demonstrates an increase in beam thickness
in the posterior half of the LC associated with pore diame-
ter reduction in the posterior third, both occurring only at
H2-IOP, leading to increased posterior BPR (see Fig. 1C).
In Figure 2D, a marked increase in beam thickness in the
anterior LC occurs with a moderate decrease in pore diam-
eter, producing the BPR increase at the anterior LC (see Fig.
1D).

A comparison of baseline ONH characteristics and LC
microstructure between eyes that exhibited BPR deforma-
tion (eyes A–D) and eyes that did not (eyes E–H) is shown
in Table 1. BPR deformers had a significantly higher base-
line CTVF than BPR non-deformers (0.77 ± 0.04 vs. 0.68 ±
0.04, P= 0.034) (Supplementary figure 1). Furthermore, BPR
deformers had lower baseline pore AR compared to eyes that
did not (1.80 ± 0.15 vs. 1.93 ± 0.16, P = 0.044). Overall,
baseline BPR was only marginally higher in BPR deformers
compared to non-deformers (1.89 ± 0.29 vs. 1.46 ± 0.16, P
= 0.060). We did not detect significant differences in age,
optic disc size and AR, beam thickness, pore diameter, and
pore area.

Change in BPR With Depth

Pooling data from all eyes to evaluate the effect of depth
on BPR, it was noted that the substantially stronger magni-
tude of the effect in the eye of subject B, compared to
all other eyes, distorted the statistical outcome. When the
eye was included or omitted from the analysis, depth had
a significant effect but in opposite directions and there-
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fore this eye was not included in this part of the analy-
sis. In both high and very high settings, depth had a nega-
tive (−0.0011 and −0.0003, respectively; deeper inside the
lamina, smaller difference from the corresponding measure-
ment at the baseline setting) and significant effect, that was
markedly stronger in the high IOP setting (P< 2e−16) than in
the very high setting (P = 0.008). In both pressure settings,
no significant effect was detected for age.

Do Anterior Lamina Deformations Represent
Deeper Lamina Changes?

The depth of maximal BPR deformation (either positive
or negative) varied between eyes, ranging from 25.3 to
202.8 μm from the anterior LC surface (see Fig. 1). In most
cases, the maximum BPR change consisted of a negative
peak (BPR became lower than the surface). The median
absolute difference in BPR between the anterior surface
of the lamina and the maximal deformation was 16.00% ±
12.80 and 19.85% ± 15.40, at H1-IOP and H2-IOP, respec-
tively. In eyes that deformed, median absolute BPR change
from the anterior surface was 24.25% ± 15.60 and 35.80%
± 14.20 at H1-IOP and H2-IOP, respectively. As expected,
BPR non-deformer eyes showed lower median absolute BPR
change between the anterior LC surface and the region of
maximal deformation (15.35% ± 5.90 and 14.30% ± 3.40
at H1-IOP and H2-IOP, respectively). When comparing the
level of change for each pressure setting between BPR
deformer and BPR non-deformer, the difference was signif-
icant only for H2-IOP setting (P = 0.029). In all eyes, the
absolute percentage of change was significantly higher than
a threshold of 10% (H1-IOP: P = 0.02 and H2-IOP: P =
0.004).

Stress Analysis

Association slopes between BPR and strain values and
strain range for the difference between baseline and high
IOP setting and between H1-IOP and H2-IOP settings are
reported in Table 2. A negative and significant association
was noted for all pressure settings in all eyes and when BPR
deformer and non-deformer were analyzed separately, with
the exception of strain range for the H1-IOP versus H2-IOP
setting. The negative association implies that a higher differ-
ence in BPR for the measurements at the baseline setting is
associated with smaller strain. The magnitude of the associa-
tion slopes was higher in the BPR deformed eyes compared
to the BPR non-deformed eyes.

DISCUSSION

In this study, we examined the in vivo, 3D deformation of
the beams and pores of the LC in response to acute IOP
modulation while maintaining fixed ICP in healthy non-
human primate eyes. The main findings of our study are
threefold; First, substantial inter-eye differences and various
patterns exist in microstructural responses to IOP modula-
tion. Second, in most eyes, the in vivo surface BPR defor-
mation of the LC does not reflect the maximal deformation
occurring within it and, therefore, has limited liability as
an indicator of LC beam and pore deformation. Third, we
characterized that in BPR non-deformer eyes the LC surface
response may be used as an indicator of changes within it.
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FIGURE 1. Anterior-to-posterior, lamina cribrosa beam-to-pore ratio (BPR) in response to acute IOP elevation in the presence of fixed
intracranial pressure. The horizontal axis represents depth in microns. Points of maximum change (either positive or negative) from the
anterior surface are marked with dashed circles and colored accordingly to the pressure setting. Eyes A to D exhibited substantial BPR
deformation, whereas eyes E to H showed minimal change all through lamina depth. Marked variability is noted among eyes in response
magnitude and location.
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FIGURE 2. Anterior-to-posterior changes in beam thickness (continuous lines) and pore diameter (dashed lines) in all eyes in response to
acute IOP elevation in the presence of fixed intracranial pressure. Both horizontal (depth) and vertical (thickness and diameter) axis units
are in micrometers. Eyes are named in the same order, as reported in Figure 1 and Table 1.
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TABLE 2. Association Between Difference in Beam-To-Pore Ratio (� BPR) and Strain Values and Strain Range Between Pressure Settings
(N-IOP Against H1-IOP and H1-IOP Against H2-IOP) Calculated Using Mixed Effects Model Adjusted for Age

N-IOP Versus H1-IOP H1-IOP Versus H2-IOP

�BPR Versus Strain
Values

�BPR Versus Strain
Range

�BPR Versus Strain
Values

�BPR Versus Strain
Range

All eyes −6.44 (< 0.001)* −4.89 (< 0.001)* −5.59 (< 0.001)* −4.63 (< 0.001)*

BPR deformers −9.51 (< 0.001)* −8.05 (< 0.001)* −5.66 (< 0.001)* −4.84 (< 0.001)*

BPR non-deformers −4.39 (< 0.001)* −1.53 (0.020)* −4.29 (< 0.001)* −0.40 (0.58)

* Statistically significant.

We have shown various patterns of LC beam and pore
deformations in magnitude and location in response to
IOP modulation: from relatively large magnitude ante-
rior BPR deformation, moderate BPR deformation that is
widely spread, deformation most pronounced in the poste-
rior lamina, a combination of both anterior and posterior
BPR deformation, or minimal deformation throughout. High
variance in IOP-induced LC macrostructure response (the
entire lamina and peripapillary scleral canal) was previ-
ously reported.41,42 Our study provides novel information
on the in vivo, depth-resolved, microstructural response
when ICP is maintained at a fixed level. We have previ-
ously reported complex interaction between IOP and ICP
in their effect on LC microstructure.2 This study focuses
on the IOP effect alone; thus, it is imperative to ensure
that similar ICP levels are maintained across the pressure
settings.

Eyes also varied in their response to the changing level of
IOP modulation. Some eyes showed a linear BPR response
to increasing IOP (higher IOP resulted in more significant
BPR change), whereas others did not. For example, eyes A
and B (see Fig. 1) showed a rise in BPR with each increase in
IOP. However, eye C showed minimal BPR change between
N and H1-IOP, whereas only H2-IOP evoked a posterior
response. Eye D exhibited the maximal change with H1-
IOP, whereas H2-IOP induced a lesser effect. A study regard-
ing LC strains following a two-step IOP elevation reported
that such diversity also exists in humans, in which responses
were linear, nonlinear, or no response at all.43 This marked
variability in the lamina microstructure deformation can be
attributed to inherent stiffness of the lamina, beam struc-
ture, and 3D orientation, or the composition of collagen
and elastin within the beams that better resists pressure
insult. Previous studies have also reported displacement of
the LC in response to IOP modulation.43–49 Our study was
not designed for assessing displacement, as we registered
the analyzed 3D location in scans obtained at different pres-
sures.

When beam thickness and pore diameter effects were
assessed separately, varying patterns were detected corre-
sponding with the observed BPR reaction. In some instances,
a decrease in pore diameter in response to pressure eleva-
tion was associated with an increase in beam thickness (see
Figs. 2B, 2C, posteriorly). However, in others, a dissocia-
tion between the response of the two parameters was noted
(see Figs. 2A, 2B anteriorly, 2C mid-depth). This multitude
of responses has been previously shown in ex vivo stud-
ies,41,50 and can be attributed to optic nerve opening expan-
sion within the scleral canal or entire LC displacement. In
a recent human and porcine ex vivo study, the anterior LC
sustained higher strains than the posterior LC,44 possibly due
to its lower collagen content.3

The marked heterogeneity in BPR deformation patterns
may result from natural diversity in connective tissue compo-
sition and property of the LC and the scleral canal.51–53 This
diversity might play an important role in glaucoma suscepti-
bility or resistance.51,54 LCs of subjects with ocular hyperten-
sion sustain lower strains than healthy eyes when exposed
to elevated IOP attributed to the different connective tissue
content of either the sclera or LC itself.43 Age-related changes
in the collagen content of the LC are also known to alter
its biomechanical properties,55,56 thus contributing to glau-
coma susceptibility. Our cohort comprised only young adult
animals with a limited age range, explaining why we did
not detect a significant association between BPR deforma-
tion and age.

Comparing baseline LC characteristics between BPR
deformers and non-deformers, we found that baseline pore
AR was significantly higher in eyes that did not deform. A
previous study that used enucleated sheep eyes reported
that pore AR is positively correlated with peak tensile
strain, proposing that elongated pores are more suscepti-
ble to mechanical insult.57 Other studies on the relation-
ship between pore shape and glaucomatous damage have
shown conflicting evidence. Using OCT in vivo methodol-
ogy, Wang et al. did not detect any association between
pore AR and glaucoma.18 However, more significant vari-
ance in pore shape was noticed in glaucomatous eyes
compared to healthy controls.18 Ivers et al. studied non-
human primates with unilateral experimental glaucoma and
did not detect any change in anterior surface pore elongation
but did observe significant pore enlargement.58 Two studies
that used scanning laser ophthalmoscope reported conflict-
ing information. Fontana et al. found a positive correla-
tion between pore AR and glaucomatous damage,59 whereas
Akagi et al. did not detect such an association.60 Of note, all
three studies were limited by examining only the anterior
LC surface, discounting possible deep LC changes.

Our study also showed that baseline CTVF was signifi-
cantly higher in BPR deformer eyes compared to BPR non-
deformers. Roberts et al. reported an increase in connec-
tive tissue volume in early experimental glaucoma, but
that CTVF remained similar, as the volume of nonconnec-
tive tissue elements grew as well.61 A biomechanical finite
element model of healthy non-human primate eyes by the
same group showed that CTVF positively correlated with
Von Mises stress but negatively correlated with maximum
principal strain.62 Furthermore, we witnessed a trend in
which eyes with higher baseline BPR were associated with
a more IOP-induced deformation than eyes with low BPR.
Higher BPR was previously associated with human glau-
comatous eyes and decreasing mean deviation, thought to
be caused by remodeling-associated beam thickening and
axonal loss, resulting in smaller pores.18 This discrepancy
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can be explained by the use of healthy animals in our study
who were not affected by remodeling. Accordingly, the aver-
age BPR in our study was comparable to the healthy group
in the cited study.18 Our finding implies that in eyes with low
BPR, analysis of the anterior lamina might be more reflec-
tive of the response of the entire lamina. The association
between baseline BPR and the risk of glaucoma should be
examined in future studies.

Changes in BPR in response to IOP modulation when
compared to baseline in each plane, are reduced with depth.
As the IOP force is primarily in the anterior-posterior direc-
tion, it can be expected that, in the presence of a fixed
ICP, the further from the origin of the force (anterior lamina
surface) the effect on the tissue will dissolve. Interestingly,
in the model, the effect of depth was stronger (−0.0011)
and with substantially lower P value (<2e−16) in the high
IOP modulation setting compared to the very high setting
(−0.0003 and P = 0.008, respectively). This finding might
indicate that the lamina reached its maximal deformation
level around 30 mm Hg and afterward it becomes stiffer and
deforms to a lesser extent, which is in agreement with a
previous ex vivo study.63

Numerous in vivo studies on the LC, both on micro- and
macrostructure, focus mainly on the anterior LC surface to
understand the pathophysiology of glaucoma, distinguishing
between healthy and glaucoma, and predicting the disease
behavior.29,30,64 Our results clearly indicate that substantial
microstructural deformations occur within the lamina depth
and are not associated with changes detected in the anterior
surface. We have shown that all eyes exhibited deformations
that exceeded an absolute 10% change from the anterior
LC surface. A 10% threshold was selected as past in vitro
studies have shown that a 10% to 20% stretch may lead to
neuronal damage and astrocyte activation.65–67 Considering
that the axons passing through the entire LC volume on their
way from the retina to the brain, assessing only its anterior
surface is insufficient in determining the risk and location
of mechanical stress-induced damage. It is therefore recom-
mended to evaluate the entire LC volume in the context of
glaucoma.

Our stress analysis showed that higher BPR change is
associated with lower strain values and strain range (see
Table 2). We also observed that, in the BPR deformer eyes,
the association with strain was steeper compared with the
BPR non-deformers. These indicate that eyes that deform,
according to the change in BPR, are less prone to the effect
of strain and thus “absorb” some of the effects of increased
IOP, whereas BPR non-deformer eyes experience higher
strain which might lead to axonal damage. Further in vivo
investigation is warranted.

Several limitations should be considered when evaluat-
ing the results of our study. Visibility of the LC is inevitably
limited by superficial vasculature in OCT in vivo imaging.
Additionally, we have previously demonstrated significant
sectoral variability in human LC imaging.19 Therefore, we
ensured to use the common analyzable LC among all the
pressure settings in each eye for high fidelity, which further
reduced the overall analyzed region. This inescapable limi-
tation of the OCT technology is partially mitigated by pool-
ing data across eyes where the analyzable area varies to
allow coverage of larger areas of the lamina. Second, the
spectral-domain OCT signal is attenuated in depth, which
might reduce the reliability of our findings in the posterior
lamina. Nevertheless, our results were mostly consistent in
the different scans acquired in the various pressure settings

improving the confidence in our conclusions. Third, the
BoneJ algorithm has an inherent limitation in which larger
pores are over-represented in the overall measured average
as they include more voxels. Considering that our primary
outcome is a ratio (BPR), its overall impact is minimal. Note
that this limitation did not affect volumetric parameters,
such as CTVF, where the absolute count of voxels within
the segmented beams was used. Last, the cross-sectional
nature of this experiment does not consider the remodel-
ing process occurring in glaucoma. Moreover, our analysis
considers only structural deformations and not functional
nor dynamic strain forces. However, our results set the foun-
dation for future studies to evaluate these aspects.

In conclusion, as the pattern and location of in vivo
lamina BPR deformation vary substantially among eyes in
response to acute IOP modulation while maintaining fixed
ICP, the entire lamina should be analyzed in studies associ-
ated with glaucoma. The pathophysiological implication of
the different responses warrants further investigation.
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