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Abstract. The aim of this study was to examine shape the changes of the lamina cribrosa (LC) under different intraocular
pressures (IOPs) with different periods. Images of the optic nerve head were obtained using enhanced depth imaging spectral
domain optical coherence tomography (EDI SD-OCT). After an initial scan of the IOP at native pressure, subsequent scan-
ning was taken when the IOP values reached 40, 60, 80 and 100 mm Hg. Then scans continued with the IOP maintained at
100 mm Hg for 1 hour, 2 hours, 3 hours and 4 hours. The thicknesses of the LC and prelaminar tissue were measured and the
curvature of the LC was calculated. Our study found that as IOP increased, the thicknesses of both LC and prelaminar tissue
decreased and the thickness variation of the LC correlated significantly with the increases of IOP when IOP was higher than
60 mm Hg. An exponential function was proposed to express the relationship between IOP and the thickness variations of LC
and prelaminar tissue. Creep curves of the LC and prelaminar tissue was also obtained using the Prony model. In conclusion,
both the thickness of the prelaminar tissue and LC thinned as the IOP elevated. The thickness of the LC also decreased after 4
hours of constant 100 mm Hg pressure.
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1. Introduction

As one of the significant leading cause of blindness, glaucoma comprises a group of retrogressive
optic neuropathies with retinal ganglion cell apoptosis, optic nerve head (ONH) damage and a con-
comitant pattern of visual field loss [1-4]. Even though the pathogenesis of glaucoma is uncertain,
pathological elevated IOP is thought to be the main risk. There are accumulating evidences that the
laminar cribrosa (LC) region is the principal site of retinal ganglion cell (RGC) axonal insult in glau-
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coma [5-9]. Many investigators have implicated the role of shape changes of the LC in the pathogene-
sis of glaucomatous optic neuropathy. Therefore, it is important to study the relationship between
shape changes of the LC and high IOP.

LC is the porous connective tissue of the ONH through which retinal ganglion cell axon bundles
pass. By examining human ONHs using scanning electron microscopy, Quigley and Addicks [10]
found the regional differences in the fine structure of the LC. Then, Quigley and colleagues [11] found
that compression of the successive LC sheets was the earliest abnormality in glaucoma in some cases
before visual field loss was detected, and backward bowing of the entire LC was a later change. The
histological results [12] showed that LC thickness and peripapillary sclera thickness decreased signifi-
cantly with increasing axial length, along with the thinning of the LC caused by glaucoma. Quigley
and Addicks studied monkey eyes and revealed that chronic ocular hypertension would result in
changes in the LC, including outward displacement of the posterior lamina [13]. However, the process
of histological examination requires sectioning of the ONH [14], which is destructive and may cause
tissue deformation.

Kagemann and colleagues reported the development of non-invasively in vivo LC imaging with
spectral domain optical coherence tomography (SD-OCT) [15]. In 2009, the appearance of the ONH
and LC in glaucomatous patients was evaluated. The 3D structure of the LC was resolved and its
thickness was first measured with high-speed SD-OCT [16]. They found that the thickness of the LC
significantly correlated with visual field loss in living patients with glaucoma.

With the development of OCT, enhanced depth imaging optical coherence tomography (EDI-OCT)
was gradually and extensively applied in study of the LC. In 2011, Lee and colleagues found the full-
thickness of the LC could be visualized using EDI SD-OCT and images were clearer than those ob-
tained with previous OCT technology [17]. Recent reports have suggested that EDI-OCT could visual-
ize the posterior border of the LC [18,19], measure the full thickness of the choroid and investigate the
LC [20-25]. They studied the displacement and thickness of the LC and changes that occurred after
trabeculectomy and intraocular pressure reduction.

In a recent study, Park HY and Park CK studied 144 patients with glaucoma (68 with primary open-
angle glaucoma [POAG], the others with normal-tension glaucoma [NTG]) and 65 healthy controls.
Their results showed that changes in the LC thickness were related to diagnose of glaucoma. They
suggested that the diagnostic ability was comparable to that of assessing the of peripapillary retinal
nerve fiber layer (RNFL) thickness and that it was even better than the later methods for patients with
early NTG [26]. They concluded that the investigation of the LC facilitated the study of the pathogen-
esis of glaucoma. The relationship between LC thickness and changes in IOP was not considered in
their studies.

Fatehee et al. [27] investigated the effects of acute elevations in IOP on cup, prelaminar and LC re-
gions of the porcine ONH. They found that the thickness of the LC area and prelaminar tissue area
both decreased. Strouthidis and colleagues studied monkey eyes and showed acute IOP elevation re-
sulted in a reduction of the prelaminar tissue thickness [28].

The SD-OCT (3D OCT-1000 mark I, Topcon Corp, Tokyo, Japan) in lab has a special module that
functions as the EDI OCT. Using this device, we could obtain sharper images of the LC. In this study,
we analyzed changes in the LC under different IOPs, and also evaluated changes in the LC after dif-
ferent time intervals under constant 100 mm Hg intraocular pressure.
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2. Methods
2.1. Study subjects

Since the anatomy and development of the ONH in cats are similar to those in humans [29], we
chose cats as the experimental animal for this research. All the cats were provided by the Experimental
Animal Department of Capital Medical University. All subjects were healthy with no ophthalmic dis-
eases.

Five cats were used to study the in-time changes of the LC while IOP was elevated and the effect of
constant 100 mm Hg pressure on the LC. They were treated and managed in agreement with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the In-
stitutional Animal Care and Use Committee of China. Sedation was induced by an intraperitoneal in-
jection of 25% urethane.

2.2. High intraocular pressure model

One 24-gauge micro-cannula was inserted into the anterior chamber of a cat and the cannula was
connected to a pressure transducer. An adjustable-height infusion of normal saline was administered
through a triple valve so that IOP could be monitored and continually adjusted (Figure 1).

The right eye was used as the control eye with no conduction, and whereas the left eye was used as
the high-IOP model. In this paper, we employed two high-IOP models. In one model, the IOP rose to
40 mm Hg, 60 mm Hg, 80 mm Hg and 100 mm Hg successively, and in the other, the IOP was de-
vised to be maintained at 100 mm Hg for 4 hours. In the first model, a syringe filled with normal sa-
line was put on the micro-syringe pump so that the IOP could be rapidly elevated as the solution was
pumped into the anterior segment. The pressure transducer and the monitor system were used to su-
pervise the IOP in real time. Four scans were completed within half an hour to reduce the effect of
creep. In the second model, the physiological saline was used to adjust and maintain the IOP when it
rose to the target pressure. Four scans were performed with the IOP maintained at 100 mm Hg for 1
hour, 2 hours, 3 hours and 4 hours respectively to study the viscoelasticity of the LC and prelaminar
tissue.

Physiological Saline
pr—

Anterior Chamber Closed TV Catheter System

Pressure Transducer

Triple Valve

=TT H]

Micro-Syringe Pump

Monitor System

Fig. 1. Diagram of the experimental platform used for ONH images acquirement in our study.
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2.3. Imaging of the prelaminar tissue and LC

The LC was imaged with high speed SD-OCT (3D OCT-1000 mark IT , Topcon Corp, Tokyo, Japan)
using the choroidal mode, which can function equivalently to the enhanced depth-imaging technique.

The images were acquired by a continuous parallel scan function focusing on a rectangular region
near the ONH. The parameter sets were similar to our earlier report [30]. The area volume was 6.0 x
6.0 x 2.3 mm’ (horizontalx verticalx axial) with a matrix size of 512x128x650 pixels, respectively.

For comparison, we first captured one scan before perfusion, which represented the physiological
condition. Then scans were acquired immediately when the IOP values reached 40 mm Hg, 60 mm Hg,
80 mm Hg and 100 mm Hg. Finally, four scans were obtained with the [OP maintained at 100 mm Hg
for 1 hour, 2 hours, 3 hours and 4 hours, respectively.

2.4. Measuring the thicknesses of LC and prelaminar tissue

The LC appears as a region of high back reflection underneath the bottom of the optic disc cup in
OCT [9]. The thickness is defined as the distance between the anterior border (line ) and posterior
border (line y) of the LC and the posterior borders of the highly reflective region of the ONH. The pre-
laminar tissue thickness is defined as the distance between the optic cup surface (line o) and the ante-
rior border of the LC (line ) (Figure 2) [17].

128 B-scan images were obtained and approximately 15 pieces covered the ONH. The middle three
images were selected for thickness measurements. Before being measured, the images were optimized
with image processing software (MATLAB R2009a, MathWorks, Natick, USA). Here morphological
operation was applied in the program [31]. The optimization program flowchart and partial results are
displayed in Figures 3 and 4. Additional software (ImagelJ, National Institutes of Health, Bethesda,
USA) was also used to measure the thicknesses of the prelaminar tissue and LC.

Fig. 2. Definition of thicknesses of the prelaminar tissue and LC. Line a is the optic cup surface, line § is the anterior border
of the LC, and line y is the posterior border of the LC.
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Fig. 3. Algorithm flowchart of the program used to optimize the obtained images for later thickness measurement.

Fig. 4. Signal areas segmented with program.

2.5. Calculation of the LC curvature

The middle fifteen images covering the ONH were selected for curvature calculations from 128 B-
scan images, shown in Figure 5 from —k to +k. From each piece of the SD-OCT images, whose matrix
size is 512X 650, we choose then points on the anterior LC surface to calculate the curvature. For ex-
ample, point A in Figure 5 is one point. We could extract two-dimensional pixel coordinates of the
points. Considering the area volume was 6.0 x 2.3 mm® the two-dimensional coordinates parallel to
the X and Y axis can be obtained according to expression (1). The dimension of Z direction for 128 B-
scan images is 6.0 mm. Therefore, assuming that the two-dimensional coordinate of point A was (X, y),
and the three-dimensional coordinate was (x’, y’, z’), the relation between them was as follows:
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x'=6x/512 A (XLYLZ)
¥ =23(650—)/650
z'=6k/128
X
Z
Fig. 6. An illustration of curvature calculation result.
x'=6x/512, y'=2.3(650-y)/650, z'=6k /128 , (1)

Where k is the ordinal number from the middle piece, which ranged from -7 to +7 (Figure 5).

To calculate the curvature of the LC, we used Mathematica 8.0 (Wolfram Research, Champaign,
USA) to fit the border surface and acquired the curvature radius. A spherical model was employed for
the fitting work. Figure 6 is an illustration of the results.

2.6. Statistical analysis

All datasets are reported as mean = SD. A #-test was performed using SPSS 17.0 (IBM, Armonk,
NY, USA) with P values < 0.05 indicating statistical significance.
3. Results

The physiological IOPs of the experimental subjects (mean + SD: 23.4 + 2.77 mm Hg) were meas-
ured before the anterior chamber perfusion.

B-scan images used for measurement and analysis had high quality scores. We chose three middle
ONH pictures to measure the thicknesses in each experimental treatment condition. The mean thick-
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ness of the LC and prelaminar tissue was 205 £+ 26 pm (mean = SD) and 212 + 47 um (mean + SD),
respectively.

The relationship between IOP and thickness measurements is presented in Table 1 and Table 2. In
the acute high IOP model, the thickness of the prelaminar tissue and LC decreased with increases in
IOP. Significant reduction (P< 0.05) of the prelaminar tissue thickness was observed at 100 mm Hg
IOP pressure since the initial scanning under IOP native pressure. The thickness decline in the LC first
reached statistical significance at an IOP of 60 mm Hg. The curve fitting of thicknesses in the acute
high IOP model are shown in Figure 7. The linear expression is 7(p)=-7.8137p+216.45

(R*>=0.9212) for prelaminar tissue thickness and 7'(p) =—8.5507 p +210.69 (R* =0.9612 ) for

LC thickness. In order to know the relationship between the thickness variation and IOP, curve fittings
of the force-deformation diagram of the prelaminar tissue and LC (Figure 8) were performed. The fit-

ting expression was p=17.6868+22.5128¢"%'4" ( R*=0.7362 ) and

p=3.8072+20.1388¢""*" (R* =0.9972), respectively.

The thinning of the LC first reached statistical significance after the high IOP had been maintained
for three hours. However, there was no significant difference in prelaminar tissue thinning. To under-
stand the relationship between the deformations and the period where the IOP was maintained at 100
mm Hg, creep curves (Figure 9) were generated and logarithmic equations were adopted to fit the
curves. For the description to be clearer, we normalized the stresses, -- the thickness of different dura-
tion minuses the original thickness and then divided by the difference between the thickness of 100
mm Hg Oh and thickness of the physiological condition. All the differences were absolute values. As-
suming that the thickness of the original condition was a, the value of the 100 mm Hg Oh was b, and
the value of the 100 mm Hg 1h (for example) was ¢, the normalization value k was as follows:

k=|c—allb—a ©)

so when 100 mm Hg kept for Oh, the kwas 1. The fitting expressions were as follows:

J(t):1+0_67068[1_e0.62931] ( R*=0.8066 ), for the creep curve of the prelaminar tissue, and

J(?) =1+1.35163[1—e_1‘81t194j (R =0.9517), for the creep curve of the LC.

The curvature of the LC in vivo was calculated by the method of surface fitting. Considering the
shape of anterior LC surface, we adopted a spherical equation to fit the surface. In order to precisely
calculate the curvature of the LC, extraction work of two-dimensional pixel coordinates was per-
formed by two independent workers (QZ and another worker knowing nothing correlative about the
data processing). The relationship between IOP and the LC curvature is exhibited in Tables 3 and 4.
The root mean square (RMS) was used to evaluate the correlation between the two calculations. RMS
of the two calculations was 0.0838 in the acute high IOP model and 0.0679 in the static high IOP
model. The result showed that the relationship between IOP and the LC curvature is reliable.
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Fig. 7. Curve fitting the thickness of the prelaminar tissue and LC in acute high IOP model, n = 5.
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Fig. 8. The load-displacement curves.
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Fig. 9. The creep curve. (a) is of prelaminar tissue, (b) is of LC.
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4. Discussion

Mechanical compression of axons within LC has been suggested as a mechanism for damage in
glaucoma. In vivo elevation of IOP may alter optic nerve tissue pressures, and consequently result in
the deformation of the LC. In this study, we studied the changes in the LC shapes at different IOPs.
Viscoelasticity is the property of materials that exhibit both viscous and elastic characteristics when
undergoing deformation. Considering biological soft tissues are usually nonlinear, viscoelastic materi-
als [32], we investigated the temporal impact on the deformation process of LC while IOP was condi-
tioned at 100 mm Hg.

We choose cats as the experimental subjects because the LC of cats is well developed and the num-
ber of retinal ganglion cells it contains is fairly high [29,33,34]. We found the LC of cat eyes located
more anteriorly within the ONH compared with humans, which may account for the differences found
in clinical research.

In this study, we measured the thickness of the LC using 3D SD-OCT with an 840-nm light source.
The vertical resolution was five um. Imaging of the LC was carried out using the choroidal mode,
which has the equal functionality to the enhanced depth-imaging technique. Therefore, the location of
the posterior laminar surface was clearly visible [25]. Although the mean cross-sectional area of the
LC in normal cat eyes has been studied [31,33], the LC thickness measurements in cats has not been
carried out in previous studies. We found the thickness of the LC thinned with increases in IOP. The
thickness variation of the LC was correlated significantly with increases in IOP when the IOP was
higher than 60 mm Hg. Our results are consistent with the results from Fatehee [27] and Jonas [35].
There are several studies that reported compression of the lamina occurs in the early, moderate, and
severe stages of glaucomatous damage [9,12,16,17,26]. The advantage of our study is the determina-
tion of the thicknesses of the LC at five different IOPs in the same sample. Therefore, we obtained
thickness variations of the LC with IOP by curve fitting. The results showed that exponential function
fitting was better than linear function fitting, which was consistent with the nonlinear load-
displacement property found in soft tissues.

When an acute glaucoma attacks, high IOP may keep harming the eye tissues for several hours. We
measured the thickness variation of the LC while the IOP was maintained at 100 mm Hg for 4 hours.
The results demonstrated the thickness of the LC reduces as the duration of high IOP sustains, which
shows the viscoelasticity of the LC [36].

The prelaminar layer of the ONH is predominantly neural in composition. We found that the thick-
ness of the prelaminar tissue decreased with increases in IOP, and the thickness variation compared
with the original value had statistically significant difference when IOP=100 mm Hg. The relationship
between the thickness variation of the LC and IOP can also be modeled by an exponential function.
We also measured the thickness variation of the prelaminar tissue during IOP at 100 mm Hg for 4
hours. The data suggested that the thickness of the prelaminar tissue of the LC had no obvious rela-
tionship with the duration time of high IOP and the coefficient of determination for the fitting curve
was 0.8066. Considering the mechanical properties of soft tissue, it is more difficult to deform with an
increase of pressure at a region that already has high stress. Likewise, it is possible that when 10P
reaches 100 mm Hg, the prelaminar tissue has already reached the region of high stress. This could
explain why deformation of the prelaminar of the LC was small when IOP was kept at 100 mm Hg.

The posterior displacement of the LC has attracted great academic attention [10,22,37,38]. The re-
sults of a previous in vitro study showed that elevated IOP can cause the LC to deflect posteriorly [37]
and lead to changes in LC curvature [39]. Agoumi et al. [38] visualized the change of the ONH struc-
ture in human eyes after acute IOP elevation using SD-OCT in vivo. They observed a significant pre-
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Table 1
Thickness of the prelaminar tissue and the LC in the acute high pressure model (n = 5)
original 40 60 80 100
PTT 212147 195t 64 195+ 58 188 * 60 176 £ 47*
LCT 205+26 193143 181+ 33* 177 £ 38* 172+ 32%

Note: * stands for the thickness compared with the original value has statistical signifi-
cance (P=0.0491, 0.0425, 0.0294, 0.0045). All data measured in micrometer and com-
pared with the original condition.

Table 2
Thickness of the prelaminar tissue and the LC in the static high IOP model (n = 5)
Oh 1h 2h 3h 4h
PTT 176+ 47 184+ 54 168 % 43 170 % 36 1671 29
LCT 172+ 32 158+ 19 153 %20 146+ 15* 141+ 19*

Note: * stands for the thickness compared with the original value has statistical signifi-
cance (P=0.0070, 0.0032). All data measured in micrometer and compared with the Oh

condition.
Table 3
Curvature of the LC changes in acute model (n =5)
original 40 60 80 100
Curvature 0.48293 0.48610 0.39782 0.38062 0. 39096
Note: The change of curvature has no statistical significance.
Table 4
Curvature of the LC changes in remained model (n = 5)
Oh 1h 2h 3h 4h
Curvature 0.39096 0.36119 0.36461 0.31078 0.36653

Note: The change of curvature has no statistical significance.

laminar tissue displacement with no significant posterior displacement of the LC. Similarly, we did not
observe noticeable posterior displacement of the LC.

In conclusion, using EDI SD-OCT we were able to visualize the LC and study the shape changes of
the LC. The measurement of the thickness alteration of the LC and prelaminar tissue under different
IOP was conducted. Our results demonstrated that the thickness of both the prelaminar tissue and LC
thinned as the intraocular pressure was elevated. The thicknesses also decreased as the IOP was main-
tained at 100 mm Hg for 4 hours.
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