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Cell derived matrices: Inducing a simple twist of fate towards a 
glaucomatous phenotype
Vijaykrishna Raghunathan1, 2, Julia Benoit3, Christopher J. Murphy4, 5. 
1The Ocular Surface Institute, College of Optometry, University of 
Houston, Houston, TX; 2Department of Basic Sciences, College of 
Optometry, University of Houston, Houston, TX; 3Texas Institute 
for Measurement, Evaluation, and Statistics, College of Optometry, 
University of Houston, Houston, TX; 4Department of Surgical & 
Radiological Sciences, School of Veterinary Medicine, University 
of California Davis, Davis, CA; 5Department of Ophthalmology and 
Vision Science, School of Medicine, University of California Davis, 
Davis, CA.
Purpose: Using mechanotransduction systems, cells translate the 
intrinsic properties of extracellular matrix (ECM) to intracellular 
signals to control gene transcription, protein expression, and cell 
behavior. A number of studies have been performed to characterize 
pathologic ECM, only few studies have investigated the impact that 
‘pathologic’ ECM have on ‘normal’ cell behavior. Here, we report 
changes in ECM derived from cells of glaucomatous (GTM) and non-
glaucomatous (HTM) donors, and what effect these ECM have on 
non-glaucomatous cell mechanics and gene/protein expression.
Methods: Primary TM cells (1oTM) from at least 3 human eye 
bank donor eyes [GTM HTM] were each plated on aminated glass 
cover slips, were cultured in 10-7M dex or vehicle control for 4 
weeks. Next, the GTM and HTM cells were dissociated and the 
mechanics of the deposited ECM was measured by atomic force 
microscopy (AFM). Decellularized ECM was either (i) characterized 
by proteomics/immunocytochemistry, or (ii) used for subsequent cell 
culture. 1oTM cells from a single HTM donor (♂, 50 y.o, HTM50) 
was cultured on the ECM, derived from GTM/HTM cells described 
above, for 3 days. Subsequently, cell mechanics was determined by 
AFM, gene & protein expression by qPCR & shotgun proteomics, 
and organization by immunocytochemistry.
Results: The matrix deposited by GTM cells was at least 2 fold 
greater than HTM cells for each treatment condition. ECM deposited 
by both HTM and GTM cells treated with Dex was 2-fold stiffer. 
Fibronectin was more intertwined and dense in GTM ECM and was 
exacerbated with Dex. HTM50 cell stiffness was increased when 
cultured on ECM derived from GTM donors in comparison with that 
derived from HTM donors or on glass. Increase in cell stiffness was 
accompanied by marked increases in Myocilin and αB-Crystallin 
expression but significantly decreased expression of Hsp27, CTGF 
and Serpine1 in comparison cells cultured on HTM-ECM or on glass. 
Further, HTM50 cells remodeled the matrices from normal cells to a 
greater degree than matrices derived from glaucomatous donors.
Conclusions: For the first time, we have demonstrated that, ECM 
derived from glaucomatous cells are not only stiffer, but strongly 
influence the phenotype of normal HTM cells by altering cell 
stiffness (cytoskeletal dynamics), and gene/protein expression. These 
results suggest that a diseased ECM could drive a normal cell towards 
a diseased phenotype.
Commercial Relationships: Vijaykrishna Raghunathan, None; 
Julia Benoit, None; Christopher J. Murphy, None
Support: Bright Focus Foundation # G2015078
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The influence of tonometric technology and body position on the 
calculation of pulsatile translaminar pressure gradient
Cynthia J. Roberts2, 3, Andrew N. Springer1, Jyoti Pandya1, 
Robert H. Small1, 3, Ashraf M. Mahmoud2, 3, Christopher Pappa2, 
William Bloom2, Gloria Fleming2. 1Anesthesiology, The Ohio State 
University, Columubus, OH; 2Ophthalmology & Visual Science, The 
Ohio State University, Columbus, OH; 3Biomedical Engineering, The 
Ohio State University, Columbus, OH.
Purpose: To investigate the mean translaminar pressure gradient 
(TLPG) and translaminar pulse amplitude (TPA) using 5 tonometric 
technologies and 3 body positions.
Methods: Right eyes of 53 subjects were prospectively enrolled 
in a study to investigate TLPG and TPA in primary open angle 
glaucoma (POAG: n = 19), normal tension glaucoma (NTG: n = 
7), ocular hypertension (OHT; n = 5), and normal subjects (NRM: 
n = 22). Intraocular pressure (IOP) was measured using Goldmann 
Applanation Tonometry (GAT), Corneal Compensated IOP (IOPcc) 
from the Ocular Response Analyzer (ORA), and biomechanically 
corrected IOP (bIOP) from the Corvis ST. Both IOP and ocular pulse 
amplitude (OPA) were measured with PASCAL Dynamic Contour 
Tonometry (DCT), and Model 30 Pneumatonometry (PNT). All 
measurements were taken in the sitting position (sit), and only for 
the PNT, also supine (sup) and lateral decubitus (LD) during (dur) 
a lumbar puncture (LP). Cerebrospinal fluid pressure (CSFP) was 
measured during the LP using an electronic transducer with a 27 
gauge spinal needle, to provide both mean CSFP and CSFP pulse 
amplitude (CPA). TLPG was calculated as IOP minus CSFP using 
all devices and positions. TPA was calculated as OPA minus CPA 
with both DCT and PNT, in 1 and 3 body positions, respectively. 
The PNT IOP acquired during the LP was used as the gold standard 
for comparison to other positions and technologies using Repeated 
Measures Analysis of Variance (ANOVA) with Analysis of Variance 
of Contrast Variables. T-tests were performed between mean values 
of NRM and POAG groups. Significance threshold was p < 0.05.
Results: TLPG and TPA were significantly different between the 
during LP measurement and other tonometric technologies and 
positions, with the exception of supine TLPG. TLPG (mmHg) in 
NRM (DCT: -1.0 ± 4.4; GAT: -4.3 ± 4.0; IOPcc: -1.1 ± 5.2; bIOP: 
-3.9 ± 3.8; PNTdur: 2.2 ± 4.2; PNTsup: 2.8 ± 4.3; PNTsit: 0.1 ± 3.7) 
was significantly lower than POAG (DCT: 2.2 ± 4.8, p=.03; GAT: 
0.2 ± 4.3, p<.01; IOPcc: 2.2 ± 4.9, p<.04; bIOP: -1.8 ± 4.4, p<.10; 
PNTdur: 4.9 ± 4.6, p=.05; PNTsup: 4.8 ± 4.8, p=.16; PNTsit: 3.1 ± 
5.2, p<.04) with most technologies.
Conclusions: TLPG is lower in normal than glaucoma subjects, but 
of different magnitude than previous reports. IOP measured in the 
sitting position with GAT and CSFP measured in the LD position, as 
used in the literature, may lead to inaccurate estimation.
Commercial Relationships: Cynthia J. Roberts, Optimeyes (C), 
Oculus (C), Ziemer (C); Andrew N. Springer, None; Jyoti Pandya, 
None; Robert H. Small, Spouse - Optimeyes (C),  
Spouse - Ziemer (C), Spouse - Oculus (C); Ashraf M. Mahmoud, 
None; Christopher Pappa, None; William Bloom, None; 
Gloria Fleming, None
Support: Ann Ellis Fund of the Columbus Foundation
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Factors affecting oscillatory shear stress in Schlemm’s canal
Joseph M. Sherwood1, W Daniel Stamer2, Darryl R. Overby1. 
1Bioengineering, Imperial College London, London, United 
Kingdom; 2Opthalmology, Duke University, Durham, NC.
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Purpose: Shear stress acting on Schlemm’s canal (SC) endothelium 
plays a key role in IOP regulation by controlling shear-induced 
production of nitric oxide. Shear stress within SC is oscillatory due 
to IOP fluctuations associated with the ocular pulse. We developed a 
mathematical model to investigate the factors affecting the oscillatory 
shear stress in SC under normal and glaucomatous conditions.
Methods: We modified the steady-state model of Johnson and Kamm 
[1] to account for oscillatory flow in SC. The model was coupled 
upstream to a lumped parameter model of the whole globe and 
downstream to episcleral vessels, accounting for distal resistance, 
ocular rigidity, and oscillatory blood flow in the intra- and episcleral 
blood vessels. To investigate glaucoma, we increased trabecular 
meshwork stiffness (E) and the resistance, rje, attributable to the 
juxtacanicular tissue and SC inner wall. Solution of the model used 
iterative estimation of IOP for a given rje, with the constraint that 
total outflow balanced aqueous humor production.
Results: As rje increased from 1.7 to 10 mmHg/µl/min (spanning 
normotensive to hypertensive conditions; IOP=14-33 mmHg), mean 
shear stress in SC increased from 1 to 18 dyne/cm2 (blue curve in 
Figure 1). The variations in peak-to-peak shear stress were nearly 
2-fold larger than the mean value, increasing from 1 to 37 dyne/cm2 
over the same range of rje (blue shading).
Doubling the TM stiffness reduced the mean shear stress by a factor 
of 10, and the peak-to-peak variations by a factor of 5 (green). 
Increasing TM stiffness by a factor of 4 almost eliminated the shear 
response (red).
Conclusions: Under normal conditions, the oscillatory shear stress 
within SC is extremely sensitive to outflow resistance of the inner 
wall/JCT. This mechanism may underlie a homeostatic response, 
mediated by shear-induced nitric oxide production to oppose any 
increase in outflow resistance that would otherwise tend to elevate 
IOP. Increased TM stiffness, as occurs in glaucoma, suppresses this 
feed-back mechanism and may exacerbate IOP dysregulation.
References: [1] Johnson and Kamm, IOVS 24:320-325, 1983.

Figure 1 - Shear stress at a collector channel ostium as a function of 
inner wall and JCT resistance. Solid lines show temporally averaged 
values and shaded regions show range. Comparison of normal TM 
stiffness and 2- or 4-fold increases.
Commercial Relationships: Joseph M. Sherwood, None; W 
Daniel Stamer, None; Darryl R. Overby, None
Support: NIH Grant EY022359
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Magnetic Resonance Imaging (MRI) Demonstrates Optic 
Nerve (ON) Traction During Adduction in Primary Open Angle 
Glaucoma (POAG) With Normal Intraocular Pressure (IOP)
Joseph L. Demer1, 2, Robert A. Clark1, Soh Y. Suh1, JoAnn Giaconi1, 
Kouros Nouri-Mahdavi1, Simon K. Law1, Laura Bonelli1, 
Anne Coleman1, Joseph Caprioli1. 1Ophthalmology, Stein Eye Inst, 
UCLA, Los Angeles, CA; 2Neurology, UCLA, Los Angeles, CA.
Purpose: ON head deformation in adduction (Chang et al. AJO 
2016) due to ON traction has been proposed as an IOP-independent 
cause of optic neuropathy in POAG (Demer, IOVS, 57:1826-38, 
2016). We used MRI to determine if ON sheath traction occurs in 
patients having POAG but without elevated IOP.
Methods: 15 patients with POAG (30 eyes, average mean deviation 
-9.1±1.3 dB, max. IOP 20 mmHg) & 30 normals underwent, surface 
coil, axial & quasi-coronal orbital MRI in target-controlled central 
gaze, & large (mean 30°), or both moderate (mean 20°) & large 
ab- & adduction. ON & sheath area centroids in 2 mm thick planes 
permitted computation of mid-orbital lengths vs. minimum paths as 
a straightness index, with total lengths measured in axial MRI. Strain 
was determined from ON elongation in moderate vs. large adduction 
when ON path remained straight. Globe dimensions were determined 
from cross sections, and translation by centroid displacement.
Results: For both subject groups, the ON was significantly straighter 
in adduction than central gaze & abduction, not significantly 
different between groups (P<0.15). Maximal adduction straightening 
occurred in the temporal ON sheath although ON & sheath behaviors 
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corresponded. For 28° adduction, the ON had 102.0%±0.2% (SEM) 
of minimum path length versus 104.1%±0.5% in central gaze for 
POAG (P<10-5), compared with 101.6%±0.1% versus 102.7%±0.3% 
for controls (P<10-4). ON path length was 2.13±0.39 mm greater in 
adduction than central gaze in POAG, but only 1.14±0.29 mm greater 
in controls (P=0.06, GEE). During large adduction, globes retracted 
0.73±0.10 mm in POAG, but only 0.06±0.08 mm in controls  
(P<10-5), and globes elongated 0.52±0.14 mm vertically only in 
POAG (P<10-4). In POAG, 9±3° incremental adduction in 6 eyes 
elongated the straight ON 0.9±0.2 mm, corresponding to 3.2±0.9% 
strain, while in 14 eyes of 7 normal subjects 8±1° incremental 
adduction elongated the ON 1.4±0.2 mm for 5.0±0.8% strain.
Conclusions: Although globe tethering & elongation of ON & sheath 
are normal in adduction, adduction is associated with significantly 
greater globe retraction & deformation in a subgroup of POAG 
patients who lack elevated IOP. Traction in adduction, particularly 
in context of age-related ON sheath stiffening, may cause IOP-
independent, neuropathic mechanical overloading of the ON head & 
peripapillary sclera.

Commercial Relationships: Joseph L. Demer, None; 
Robert A. Clark, Nevakar, LLC (C); Soh Y. Suh, None; 
JoAnn Giaconi, None; Kouros Nouri-Mahdavi, Heidelberg (S); 
Simon K. Law, None; Laura Bonelli, None; Anne Coleman, Aerie 
(C), Alcon (C); Joseph Caprioli, None
Support: NIH Grant EY008313, Research to Prevent Blindness
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Optic Nerve Head (ONH) In Vivo Biomechanics Assessed by 
Quantification of the IOP Fluctuations caused by the Ocular 
Pulse Pressure (OPP)
Massimo A. Fazio1, 2, Mark E. Clark1, Christopher A. Girkin1. 
1Ophthalmology, The University of Alabama in Birmingham, 
Birmingham, AL; 2Biomedical Engineering, The University of 
Alabama at Birmingham, Birmingham, AL.
Purpose: To quantify in-vivo and non-invasive the Ocular Pulse 
Amplitude (OPA)-induced mechanical deformations of the ONH.
Methods: The ONH of 2 eyes from 2 normal brain-dead organ 
donors were imaged with Spectralis SD-OCT (Heidelberg Eng.) 
mounted vertically. The OCT was equipped with research software 
that allowed continuous recording of a single B-scan over a period 
of 15 seconds at 13Hz at physiologic IOP. A collection of about 
200 vertical B-scans of the same cross-section was processed with 
a custom algorithm. The time-varying 2D displacement and strain 
fields were computed by means of a template-matching approach.
Results: The average maximum shear strain in the peripapillary 
retinal nerve fiber layer (ppRNFL) was significantly lower than in 
the peripapillary sclera (ppScl) (p<0.01) and lamina cribrosa (LC) 
(p<0.01) at any time-point in both eyes. In the two eyes OPA was 3.1 
and 4.2 mmHg. The small changes in IOP caused by OPA induced a 
sizable regional and time-varying fluctuation of the local (Fig. 1) and 
average strain (Fig. 2). In correspondence of the systolic and diastolic 
pressure average strain reached a local maxima in all the tissue, 
indicating a dependency between ONH deformations and the cyclical 
IOP fluctuations induced by OPA (Fig. 2).
Conclusions: We estimated in-vivo and non-invasively the 
mechanical response of the connective and axonal ONH tisseus to 
the small IOP fluctuations caused by OPP. Strain levels appeared to 
be particularly high in the ppScl and the LC, and relatively low in 
the ppRNFL. It is plausible to hypothesize that the ONH anatomy 
and mechanical structure it is such that IOP-induced deformations 
are sustained by the connective tissues and mitigated in the axonal 
regions.
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1st row) Morphology of the ONH sagittal section depicted in 
the vertical B-scan at a given time-point. 2nd) Displacement 
magnitude map. The laminar tissue is highly displaced during the 
IOP fluctuations caused by the ocular pulse (trend in Fig. 2). 3rd) 
Maximum shear strain regional distribution. It can be noticed that 
sharp shear strain gradients are present in the ONH.

Time-dependent variation of the average shear strain computed 
the RNFL, LC, and ppScl tissues over the acquisition time of 15 
seconds. Strain variations over time can be finely quantified, indeed 
the occurance of aortic valve closure can often be identified in the 
temporal strain profiles.
Commercial Relationships: Massimo A. Fazio; Mark E. Clark, 
None; Christopher A. Girkin, None
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Eye-Specific Finite Element Modeling of Human Optic Nerve 
Head (ONH) Biomechanics
Kapil Krishnan1, Vincent Libertiaux2, Rafael Grytz1, 
Christopher A. Girkin1, J Crawford C. Downs1. 1Department of 
Opthalmology, University of Alabama at Birmingham, Birmingham, 
AL; 2University of Liege, Liege, Belgium.
Purpose: To study the localized strain distribution in the ONH of 
anatomically accurate, eye-specific finite element (FE) models of 
human eyes. We study the effects of local, eye-specific laminar 
density (CTVF) and the predominant orientation of laminar beams 
(anisotropy) on the mechanical strain in the lamina cribrosa (LC).
Methods: Five right eyes from donors of European descent aged 
55 to 89 years were immersion fixed at 10 mmHg within 6 hours 
postmortem. The eye-specific geometry and resulting FE models of 
the entire posterior pole (Figure) were created from high resolution 
3D reconstructions of the ONH connective tissues acquired using a 
microtome-based serial sectioning and block face imaging device. 
The local heterogeneous, anisotropic, hyperelastic material properties 
for the LC were determined using an MIL-based approach, and 
the circumpapillary collagen fiber ring was incorporated into the 
properties for the sclera and pia. The 3D geometries of the sclera, 
retina, pia, pre- and retro-laminar tissues and the lamina cribrosa 
were meshed using quadratic tetrahedral elements (Figure).  
The eye-specific FE models were then pre-stressed from 0 to the 
baseline IOP of 10 mmHg and then loaded to a final pressure of 45 
mmHg. Contour plots of von Mises and maximum principal (tensile) 
strains were compared to the contour plots of laminar connective 
tissue density (CTVF; Figure).
Results: The regional patterns of both von Mises and tensile strain in 
the ONH at IOPs of 10 mmHg and 45 mmHg are inversely related to 
the regional laminar density (Figure) but the relationship with local 
anisotropy was less clear.
Conclusions: We developed and studied eye-specific FE models  
that incorporated realistic geometries of the ONH macro- and  
micro-structure, as well as complex heterogeneous, anisotropic, 
hyperelastic material properties. Within these models of normal 
human ONHs, high mechanical strains localized in regions with low 
laminar density.



ARVO 2017 Annual Meeting Abstracts

These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to 
access the versions of record.

The eye-specific finite element model of a human donor optic nerve 
head. The cross-sectional view shows the various components of the 
model and the respective von Mises strain. The regional patterns of 
both von Mises and tensile strain in the ONH at 2 different pressures 
as well as the regional laminar densities are summarized.
Commercial Relationships: Kapil Krishnan; Vincent Libertiaux, 
None; Rafael Grytz, None; Christopher A. Girkin, None; J 
Crawford C. Downs, None
Support: NIH R01-EY018926 and P30-EY003039 , Research to 
Prevent Blindness, Eyesight Foundation of Alabama
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Incorporating Realistic Anisotropic and Heterogeneous Material 
Properties Into Eye-Specific Multi-Scale Models of the Human 
Optic Nerve Head
Rafael Grytz1, Kapil Krishnan1, Vincent Libertiaux2, 
Christopher A. Girkin1, J Crawford C. Downs1. 1Department 
of Ophthalmology, University of Alabama, Birmingham, AL; 
2University of Liège, Liège, Belgium.
Purpose: Commercial finite element (FE) modeling packages do 
not have the tools necessary to effectively incorporate the complex 
anisotropic and heterogenous material properties typical of the 
optic nerve head (ONH) and sclera. We developed a new mesh-free 
approach to incorporate realistic material properties into eye-specific 
ONH FE models.
Methods: Eye-specific FE models of five human ONHs were created 
from 3D reconstructions of the ONH connective tissues acquired 
using a microtome-based serial sectioning and block face imaging 
device. The models include the sclera, lamina cribrosa, pre- and retro-
laminar tissues, retina, and pia. Anisotropic material properties were 
defined at convenient locations (control points) at which anisotropic 
material directions could be identified based on the reconstructed 
tissue micro- or macro-structure. Otherwise their locations were 
arbitrary and independent of the FE mesh. We used a mesh-free 
approach to interpolate the anisotropic and heterogeneous material 
properties from the control points into the FE models.
Results: It was convenient to define anisotropic orientations at 
the anterior and posterior scleral surface based on the eye-specific 
geometry of each sclera. The mesh-free approach was effective 
in interpolating these orientations across the scleral thickness and 
between the control points (Fig B,C). The interpolated properties 
allowed the effective modeling of the anisotropic circumpapillary 
ring of collagen fibers in the sclera, while following the eye-specific 
anatomical features of the individual eye (Fig D). Similar eye-
specific results were obtained for the pia. For the lamina cribrosa, 
anisotropic material properties were directly obtained from the 
3D reconstructions of its micro-structure and were effectively 

interpolated across the laminar elements using our mesh-free 
approach (Fig. E).
Conclusions: We have developed a new software tool to effectively 
incorporate complex anisotropic and heterogeneous material 
properties that are either estimated at convenient locations or directly 
obtained from the tissues’ micro-structure into eye-specific FE 
models. The approach should simplify future studies to elucidate the 
role of biomechanical factors and optic nerve head remodeling in 
glaucoma.

Commercial Relationships: Rafael Grytz, None; Kapil Krishnan, 
None; Vincent Libertiaux, None; Christopher A. Girkin, None;  
J Crawford C. Downs, None
Support: NIH Grants EY018926, EY026588, EY003909 (P30); 
EyeSight Foundation of Alabama; Research to Prevent Blindness


