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Use of a protective eye shield to reduce variability in and 
magnitude of limbal strain during simulated sleep in adults with 
glaucoma
Alison Flatau1, 2, Francisco Solano3, Joan L. Jefferys4, 
Christopher Damion2, Harry A. Quigley4. 1Fischell Dept. of 
Bioengineering, University of Maryland, College Park, MD; 2Dept. 
of Aerospace Engineering, University of Maryland, College Park, 
MD; 3Hospital Beneficência Portuguesa São Paulo, São Paulo, Brazil; 
4Wilmer Eye Institute, Baltimore, MD.
Purpose: Eyes of glaucoma patients may be damaged during sleep. 
We conducted a prospective randomized interventional trial to test 
our hypothesis that wearing a protective eye shield or “mask” would 
reduce variability in and the magnitude of limbal strain experienced 
in glaucoma eyes when sleeping in a position with one side of the 
face down (FD), resting against a pillow. We also test our hypothesis 
that facial geometry influences responses to the FD position, and that 
in some individuals, facial features “mimic” the effects of the mask.
Methods: The study was conducted at the Wilmer Eye Institute 
with 36 glaucoma patients. A contact-lens sensor (CLS) measured 
change in limbal strain (output in mVeq) during simulated sleep 
for intervals of up to 60 minutes in sitting, lateral-decubitus, FD 
(CLS-instrumented eye toward pillow) and supine positions. 
Eighteen subjects wore a mask during one of two FD intervals, with 
randomized assignment of the interval during which the mask was 
worn. Dimensions of 18 facial features were acquired from 3-D 
scanned images of 23 subjects.
Estimates of means, 95% confidence intervals and p-values for 
change in CLS with position are derived from Generalized Estimating 
Equation (GEE) linear models that take into account correlations 
among repeat measurements on a given participant.
Results: Among all subjects tested without the mask, strain increased 
with FD posture and decreased with leaving FD (34.1 and -32.4 
mVeq, respectively, p=0.01, 0.02, n=36). Wearing the mask reduced 
these changes by 22.3 and 34.5 mVeq each (p=0.09, 0.16). Including 
all subjects, wearing the mask reduced the variation in strain while 
FD (median difference in standard deviation = -22.8 mVeq, p=0.03, 
n=36). In study eyes with past progressive field loss, the mask 
reduced mean strain increase moving to FD by 44.8 mVeq (p=0.02, 
n=12). In contrast, eyes with no past field progression had only a 
6.8 mVeq (p=0.68, n=19) increase moving to FD and no mask effect 
(p=0.73).
Preliminary analysis of facial scans suggests a longer distance from 
eye to nose tip reduces eye-pillow contact when FD. Statistical 
support for this was found in the CLS data on moving away from the 
FD position (p=0.04, n=23).
Conclusions: Wearing a sleep mask reduced limbal strain and 
variation in limbal strain during simulated sleep in FD posture, 
particularly in eyes with progressive visual field loss.
Commercial Relationships: Alison Flatau, Cummins TriStar 
LLC (F), US patent # 14/349,954 applied for by Alison Flatau 
(not a company); Title: Noninvasive system and method 
for mitigating sleep-position related eye loads (P), Sensed 
AG (F); Francisco Solano, None; Joan L. Jefferys, None; 
Christopher Damion, None; Harry A. Quigley, Sensimed AG (C)

Support: Contributions by AF and CD are based upon work 
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views of the National Science Foundation. HQ, JJ and FS were 
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Factors influencing circumpapillary retinal nerve fibre layer 
thickness (cRNFLT) in Northern Ireland Cohort Longitudinal 
Study of Ageing (NICOLA) study
Paul McCann, Ruth E. Hogg, Augusto Azuara-Blanco, Ian Young, 
Frank Kee. Queens University Belfast, Belfast, United Kingdom.
Purpose: cRNFLT is influenced by ocular diseases such as glaucoma. 
Demographic and ocular factors including myopia may also influence 
cRNFLT. The influence of ocular biomechanical properties on 
cRNFLT has not been reported previously in an adult population 
based study. We report the association between demographic and 
ocular biomechanical factors and cRNFLT.
Methods: Cross sectional study: The NICOLA study is an ongoing 
population-based epidemiological study. The ophthalmic assessment 
includes: SD-OCT cRNFLT scans, colour stereo pairs of the optic 
disc and Goldmann-correlated intraocular pressure (IOPg), corneal-
compensated intraocular pressure (IOPcc), corneal resistance factor 
(CRF) and corneal hysteresis (CH) measured using Ocular Response 
Analyser. Vertical cup-disc ratios (VCDRs) for the first 3001 
participants were measured by trained graders who were masked to 
the cRNFLT measurements. Generalised Estimation Equation (GEE) 
models were used to enable data from both eyes to be included and 
multivariable confounder adjusted analysis was performed with the 
influence of age, sex, IOPg, CH and VCDR explored.
Results: Eyes (n=4375) and participants (n=2486) were included in 
GEE which demonstrated age (β, -0.139, p<0.001), female gender (β, 
2.007, p<0.001), IOPg (β, -0.348, p<0.001) VCDR (per 0.1 increase) 
(β, -1.0817, p<0.001) and CH (β, 0.366, p=0.022) were significantly 
associated with cRNFLT. CRF was not associated with cRNFLT 
in univariate analysis (r=0.003, p=0.819) but CH was positively 
correlated with global cRNFLT in the multivariate analysis.
Conclusions: In addition to age, gender, IOP and VCDR we have 
identified that lower corneal hysteresis is associated with lower 
cRNFLT when adjusted for other factors.
Commercial Relationships: Paul McCann, None; Ruth E. Hogg, 
None; Augusto Azuara-Blanco, None; Ian Young, None; 
Frank Kee, None
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Measurement of ocular rigidity in patients undergoing 
intravitreal anti-VEGF injections
Jocelyn G. Lam, Ian Luttrell, Kasra Rezaei, Jennifer R. Chao, 
Yewlin Chee, Leona Ding, Joanne C. Wen. Ophthalmology, 
University of Washington, Seattle, WA.
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Purpose: Studies have suggested that ocular rigidity (OR) may play 
a role in the biomechanics and pathogenesis of glaucoma. However, 
the effect of ocular rigidity is not well understood and its utility 
remains limited in current clinical practice. Anti-VEGF injections 
are known to cause a transient elevation in intraocular pressure (IOP) 
due to the limited compliance of the eye. Whether these repeated 
IOP elevations lead to changes in OR is unknown. We measured OR 
in patients undergoing anti-VEGF injections and other variables to 
determine whether any correlated with an increased post-injection 
IOP elevation.
Methods: We conducted a pilot study of patients who underwent 
intravitreal anti-VEGF injection. Patients with a history of glaucoma, 
ocular hypertension, current use of IOP lowering medications, 
and ocular surgery other than cataract extraction were excluded. 
Patients undergoing bilateral injections were also excluded. Baseline 
characteristics, axial length, pachymetry, and corneal hysteresis 
values were recorded. The coefficients of ocular rigidity values 
were obtained in injected and fellow non-injected eyes via Schiøtz 
tonometry and use of a standard conversion table.
Results: Nineteen eligible subjects were included in the analysis. 
Mean age was 64.1 ± 13.8 years, 47% (9/19) were female, 53% 
(10/19) had a diagnosis of diabetic macular edema and 74% of 
injected medication (14/19) was aflibercept. Range of total injections 
was 1-46 (mean = 11). Post-injection IOP was significantly increased 
compared to baseline IOP following injection of anti-VEGF (mean 
change in IOP = 29.0 ± 9.5 mmHg; p<0.001). No correlation was 
found between the total number of injections and the coefficient of 
OR (r = -0.284; p=0.25). Increasing corneal hysteresis significantly 
correlated with a larger change in IOP following intravitreal injection 
(r = 0.62, p = 0.04), while coefficient of OR, axial length and corneal 
thickness did not.
Conclusions: Intravitreal injection of anti-VEGF compound leads to 
a significant transient rise in IOP following injection. The coefficient 
of OR was not significantly correlated with total number of anti-
VEGF injections. However, increasing corneal hysteresis was 
correlated with increased change in post-injection IOP.
Commercial Relationships: Jocelyn G. Lam, None; Ian Luttrell, 
None; Kasra Rezaei, None; Jennifer R. Chao, None; Yewlin Chee, 
None; Leona Ding, None; Joanne C. Wen, None
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Corneal hysteresis predicts optic nerve tissue displacement in 
response to acute IOP elevation
Bang V. Bui1, Fumi Tanabe1, Phillip Bedggood1, Andrew Turpin2, 
Andrew J. Anderson1, Allison M. McKendrick1. 1Optometry & Vision 
Sciences, The University of Melbourne, Parkville, VIC, Australia; 
2Department of Computing and Information Systems, The University 
of Melbourne, Parkville, VIC, Australia.
Purpose: To determine if corneal hysteresis is predictive of the 
response of the healthy optic nerve to acute elevation of intraocular 
pressure (IOP)
Methods: Corneal hysteresis (average of 3 readings) was measured 
using the ocular response analyzer (ORA) for eight healthy 
participants (mean [SD], 32.5 [8.2] years). The left eye was imaged 
with spectral-domain optical coherence tomography (Spectralis, 
EDI mode, ART11, 10x15 degrees scan optic nerve centered) 
at baseline and during acute IOP elevation; achieved using an 
ophthalmodynamometer held perpendicular to the globe via the 
inferior lid. Target force (300-400 mN) was maintained via feedback 
from force transducer to a linear motor, affording stable IOP (within 
2 mmHg) during imaging. IOP was measured using a rebound 
tonometer (5 readings) immediately after the baseline scan and 

during IOP elevation immediately prior to imaging. A masked grader 
manually segmented the anterior laminar surface in a vertical B-scan. 
This was referenced to Bruch’s membrane opening in the same scan. 
The enface infrared image was analysed to demarcate the nasal cup 
edge as defined by the nasal blood vessels. Maximal anterior laminar 
displacement (ALD) and nasal cup edge displacement (NCD) were 
returned by taking the diffference between baseline and high IOP 
conditions and correlated with corneal hysteresis.
Results: Corneal hysteresis was 10.7±1.3 (range 9.1-12.9). A force 
of 300-400mN applied through the lower lid resulted in significant 
IOP elevation (baseline: 14.2±5.2, high IOP: 26.5±7.0mmHg). Acute 
mild IOP elevation produced significant deformation of the anterior 
laminar surface and the nasal edge of the cup. IOP elevation produced 
a maximal ALD of 162±170μm and NCD of -18.1±21.7μm. 
Univariate analysis shows that there was a significant correlation 
between displacement of the anterior laminar cribrosa (displacement 
= -93.7*(hysteresis)+1162, r2=0.56, p=0.03) or nasal edge of the 
cup (displacement = 13.6*(hysteresis)–162.9, r2=0.67, p=0.014) and 
corneal hysteresis.
Conclusions: Corneal hysteresis is predictive of anterior lamina 
cribrosa deformation, and nasal optic nerve blood vessels shifts, in 
response to acute IOP elevation. Our results raise the possibility that 
important dynamic responses of the optic nerve related to disease 
development, and typically only measurable with customised research 
tools, might be usefully predicted by simple clinical measures.
Commercial Relationships: Bang V. Bui, None; Fumi Tanabe, 
None; Phillip Bedggood, None; Andrew Turpin, None; 
Andrew J. Anderson, None; Allison M. McKendrick, None
Support: Australian Research Council (FT130100338)
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Long-term variability of corneal hysteresis and corneal resistance 
factor
Michael Sullivan-Mee, Suchitra Katiyar, Denise Pensyl. Optometry, 
Albuquerque VA Med Center, Albuquerque, NM.
Purpose: To investigate corneal biomechanical parameter 
measurement variability over a several-year period in eyes with and 
without glaucoma.
Methods: All subjects were participating in a prospective, 
longitudinal glaucoma research study at the Albuquerque VA Medical 
Center in which corneal hysteresis (CH) and corneal resistance 
factor (CRF) measurements were obtained at 6 month intervals 
for subjects diagnosed Primary Open-Angle Glaucoma (POAG), 
Ocular Hypertension (OH), and Glaucoma Suspect (GS), and at 6 
to12-month intervals for normal controls (NML). Subjects were 
required to have at least four years of follow-up and at least six 
good quality CH and CRF measurements. Right eyes were analyzed 
unless the right eye did not meet diagnostic criteria and then the left 
eye was analyzed. For both CH and CRF, linear regression slopes, 
longitudinal within-subject standard deviations, and within-subject 
coefficients of variation (COV) were calculated. Regression analyses 
were utilized to investigate factors associated with longitudinal CH 
and CRF behavior.
Results: Over a mean period of 6.0 ±1.3 years, we obtained an 
average of 11.9 ±3.5 measurements in 98 POAG, 49 OH, 39 GS, 
and 50 NML eyes. Among all eyes, mean CH and CRF decreased 
over time (-0.14 ±0.09 mmHg and -0.17 ±0.11 mmHg per year 
respectively). While CRF showed greater reduction over time in the 
POAG and OH groups versus the GS and NML groups (p<0.001), 
CH change over time was similar for all four diagnostic groups. 
Within-subject COV was highest for the POAG group (10.2%), 
followed by the OH (9.6%), GS (8.3%) and NML (8.1%) groups 
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(POAG>GS and NML groups, p=0.005). In multivariate regression 
analyses, several factors were independently related to CH and CRF 
measurement variability, including higher mean IOP, diagnosis, use 
of a prostaglandin analog, and CH and CRF slopes over time.
Conclusions: Our results show that inter-visit CH and CRF 
measurement variability is substantial, particularly when considering 
the diagnostic range of these parameters. Many factors were 
identified as being independently related to CH and CRF variability 
over time, and consideration of these factors may be useful for 
interpretion of CH and CRF values.
Commercial Relationships: Michael Sullivan-Mee, None; 
Suchitra Katiyar, None; Denise Pensyl, None
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Relative utility of central corneal thickness and corneal hysteresis 
for differentiating glaucomatous from glaucoma suspect eyes
Denise Pensyl, Suchitra Katiyar, Michael Sullivan-Mee. Albuquerque 
VA Medical Center, Albuquerque, NM.
Purpose: To compare the glaucoma diagnostic capabilities of corneal 
parameters previously associated with glaucoma against standard 
structural and functional variables.
Methods: All subjects were participating in a prospective, 
longitudinal glaucoma research study at the Albuquerque VA Medical 
Center and were diagnosed primary open-angle glaucoma (POAG) 
or glaucoma suspect (GS). POAG eyes had glaucomatous optic 
neuropathy with repeatable visual field loss on standard automated 
perimetry (SAP) while GS eyes had IOP>21mmHg, suspicious 
optic nerve appearance, or both but no repeatable visual field loss 
on SAP. Right eyes were analyzed unless that eye did not meet 
diagnostic criteria and then the left eye was analyzed. Mean values 
were generated from two or more consecutive visits for those 
clinical parameters associated with significant inter-visit variability. 
Receiver operating characteristic (ROC) analyses were employed to 
quantify and compare diagnostic capabilities between several clinical 
variables.
Results: Of the 99 POAG eyes included in this study, visual field 
mean defect (MD) was -5.65 ±4.79dB and retinal nerve fiber layer 
thickness (RNFL) was 68.5 ±12.5 μm. Of the 87 GS eyes, MD 
was -0.01±0.13dB and RNFL was 90.6±10.1μm. Mean intraocular 
pressure (IOP), central corneal thickness (CCT), corneal hysteresis 
(CH), cup/disc ratio (CDR), visual field mean defect (MD), and 
retinal nerve fiber layer thickness (RNFL) were all significantly 
different between diagnostic groups (ANOVA, all p<0.005). Area 
under the ROC curve was significantly greater for RNFL, MD, and 
CDR compared to CCT, CH, and IOP. At 95% specificity, sensitivity 
(with cutpoints) for RNFL, CH, and CCT were 67% (73.5 μm), 30% 
(<6.9mmHg), and 8% (<493 μm) respectively.
Conclusions: Although mean values of CCT and CH were 
significantly lower in glaucomatous versus glaucoma suspect eyes, 
their overall diagnostic performance was poor compared to CDR, 
RNFL, and visual field parameters. These findings suggest that CCT 
and CH have minor supplemental value for identifying glaucoma, and 
are primarily useful only when these parameters are either very low 
or very high.
Commercial Relationships: Denise Pensyl, None; 
Suchitra Katiyar, None; Michael Sullivan-Mee, None
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Corneal deformation dynamics are associated with the retinal 
nerve fiber layer progression rate in glaucoma suspects and early 
manifest glaucoma patients
Farshad Abedi1, Antonia Kolovos1, Anna Waldie1, Jude Fitzgerald1, 
Mona Awadalla1, Robert Casson5, Stuart L. Graham3, 
Paul R. Healey4, Amirul Islam2, Miriam Keane1, John Landers1, 
Jamie E. Craig1. 1Ophthalmology, Flinders University, Adelaide, 
SA, Australia; 2Swinburne University, Melbourne, VIC, Australia; 
3Macquarie University, Sydney, NSW, Australia; 4University of 
Sydney, Sydney, NSW, Australia; 5Ophthalmology, University of 
Adelaide, Adelaide, SA, Australia.
Purpose: We investigated the association of corneal deformation 
dynamics and the rate of retinal nerve fiber layer (RNFL) progression 
in glaucoma suspects and early manifest glaucoma patients.
Methods: In this prospective study, consecutive patients from 
the Predicting Risk of Glaucoma: Relevant SNPs with Strong 
Association (PROGRESSA) Study, with optic disc appearances 
suspicious for glaucoma, performed a Humphrey 24-2 SITA Standard 
Visual Field (HVF) test. Enrolment required a mean deviation 
better than -6dB and using Hodapp-Anderson-Parrish criteria, mild 
or no glaucoma changes on HVF. Corneal deformation dynamics 
were assessed with the Corvis ST, a tonometer with visualization 
and measurement of the corneal response to an air pulse. Patients 
underwent spectral-domain OCT of the RNFL at baseline and 
6-monthly for 3 years. OCT Guided Progression Analysis (GPA) 
measured the superior and inferior RNFL progression rate for each 
eye over 3 years in microns per year (μm/year). Regression analysis, 
adjusted for intraocular pressure (IOP) and central corneal thickness, 
investigated the association of the Corvis ST parameters with the 
faster RNFL progression rate, either superior or inferior, in the right 
eyes of the patients.
Results: 198 eyes of 198 patients with a mean age of 61.4±10.3 
years were recruited. The mean baseline inferior and superior RNFL 
thicknesses were 105.0±19.7μm and 100.3±16.5μm. The mean rate 
of the faster RNFL progression, in the inferior or superior rim, was 
-1.53±1.6μm/year. The mean deflection length at applanation 2, 
the applanated part of the cornea on its return from the concave to 
convex position after the air pulse, was 1.78±0.2mm. This length and 
the Stiffness Parameter A1 (SP-A1), defined as [air pulse pressure 
at the corneal surface – biomechanical IOP]/deflection amplitude at 
applanation 1 (when cornea flattens from the convex position after 
the air pulse) were significantly associated with the rate of the faster 
RNFL loss (P= 0.002 and 0.022; β= +0.25 and -0.32, respectively).
Conclusions: Corneal deformation dynamics are associated with the 
rate of RNFL progression in glaucoma suspects and early manifest 
glaucoma patients. Such results could help individualize management 
of these patients.
Commercial Relationships: Farshad Abedi, None; 
Antonia Kolovos, None; Anna Waldie, None; Jude Fitzgerald, 
None; Mona Awadalla, None; Robert Casson, None; 
Stuart L. Graham, None; Paul R. Healey, None; Amirul Islam, 
None; Miriam Keane, None; John Landers, None; Jamie E. Craig, 
None
Support: PROGRESSA grant (APP1048037), NHMRC Project grant 
(AP1031362)
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Biomechanical impact of the sclera on corneal deformation 
response to an air-puff: a finite-element study
B. Audrey Nguyen2, Mohammad Arif Hossain3, Jun Liu2, 1, 
Cynthia J. Roberts1, 2. 1Ophthalmology & Visual Science, The Ohio 
State University, Columbus, OH; 2Biomedical Engineering, The 
Ohio State University, Columbus, OH; 3Mechanical and Aerospace 
Engineering, The Ohio State University, Columbus, OH.
Purpose: Many studies have examined corneal and scleral 
biomechanics, but none have examined the contribution of varied 
scleral properties to corneal deformation response. It has been shown 
that the corneal biomechanical response to an air-puff is significantly 
different between a cornea mounted on an anterior chamber and the 
cornea of a whole globe. We present a finite element (FE) model 
to explore the impact of changing scleral properties on corneal 
biomechanical behavior under loading by an air-puff.
Methods: A 2D axisymmetric model of the human cornea, limbus, 
and sclera surrounded by an air region was created in COMSOL 
based on average dimensions. The spatial and temporal velocity 
profiles of the unobstructed CorVis ST air jet were previously 
determined by hot wire anemometry. In the FE model, the pressure 
profile of the air-puff was computed and applied to the cornea, then 
replicated in a computational fluid dynamic model with a non-
deformable cornea to validate the interaction between the air-puff 
and an obstruction. This validated pressure profile was applied to 
the corneal surface in the coupled deformation study. The Young’s 
moduli of the cornea and limbus were kept constant, while the 
loading due to IOP and the scleral Young’s modulus were varied 
such that the ratio of scleral to corneal moduli was 1.5, 2 or 5. The 
maximum apical displacement of the cornea was recorded for each 
simulation.
Results: Figure 1 shows the result of a single simulation, and table 
1 summarizes the data. For each value of IOP tested (10, 20, 35 
mmHg), increasing the ratio of Young’s moduli resulted in decreasing 
maximum apical displacement. Further, the model showed that 
increasing the IOP while keeping all other factors constant resulted in 
decreasing maximum apical displacement, which is consistent with 
literature reports.
Conclusions: The FE model demonstrates that scleral material 
properties have an important impact on the biomechanical 
deformation response of the cornea in air-puff induced deformation. 
The observed relationship between scleral properties and corneal 
deformation parameters is expected to persist with improvements in 
the model.

Fig. 1: (Left) Air-puff profile used in loading (Right) Resultant von 
Mises stress and deformation

Table 1: Simulation input values and resulting max apical 
displacement
Commercial Relationships: B. Audrey Nguyen, None; 
Mohammad Arif Hossain, None; Jun Liu, None; 
Cynthia J. Roberts, Optimeyes (C), Oculus (C), Ziemer (C)
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Assessment of early changes in corneal pulsation following 
canaloplasty in eyes with open-angle glaucoma
Monika E. Danielewska1, Aleksandra Kicinska2, Katarzyna Lewczuk2, 
Marek Rekas2, Robert Iskander1. 1Department of Biomedical 
Engineering, Wroclaw University of Science and Technology, 
Wroclaw, Poland; 2Department of Ophthalmology, Military Institute 
of Medicine, Warsaw, Poland.
Purpose: To assess the influence of canaloplasty on changes in 
corneal pulse (CP) characteristics measured with non-contact 
ultrasonic technique in primary open-angle glaucoma patients.
Methods: Eleven patients undergoing canaloplasty or canaloplasty 
and phacoemulsification were enrolled for this study. Eyes not 
previously operated were included with pre-op washout from 
antiglaucoma medications. Before and after washout, and 3 months 
postoperatively the patients’ eyes were fully examined, comprising 
intraocular pressure measurement (IOP, Goldman). In addition, the 
10-second records of the CP signal were taken in-vivo and in non-
contact manner using ultrasonic distance sensor, synchronically with 
blood pulse and electrocardiography (ECG) signals. Raw signals 
were processed to estimate the CP signal parameters related to ocular 
dicrotic pulse (ODP) – incidence of two distinct maxima in CP signal 
for one heart cycle [Danielewska et al., OVS, 2014]. ECG and blood 
pulse signals are components for accurately assessing the ODP. Then, 
considered CP parameters were compared between pre- and post-op 
results.
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Results: Mean post wash-out IOP was 21.8±4.1 mmHg and 
decreased to 13.8±4.0 mmHg after canaloplasty (p=0.001). After 
surgery, all eyes were characterized with ODP, while before and after 
washout the ODP appeared in 8 of 11 eyes (73%) and 7 of 11 eyes 
(64%), respectively. Statistically significant differences were found 
between the pre washout and 3-month post-op, as well as between 
the post washout and 3-month post-op for three parameters including: 
the depth of dicrotic valley (DDV), the amplitude and slope of 
ODP second maximum (Wilcoxon, p<0.05). Post-op increase in the 
amplitude of the ODP second maximum by 4.1 μm (49%) (p=0.027) 
and in DDV by 10.5 μm (97%) (p=0.015) in relation to post washout 
was observed.
Conclusions: Canaloplasty was shown to influence the corneal pulse 
characteristics leading to the presence of a more prevalent ODP. 
Insertion of tensioning sutures into the Schlemm’s canal stiffens the 
limbus area, resulting in cornea having lower internal damping that 
consequently leads to higher harmonic vibrations. Our study provides 
more evidence on the effect of canaloplasty on biomechanical 
properties of the cornea.
Commercial Relationships: Monika E. Danielewska, None; 
Aleksandra Kicinska, None; Katarzyna Lewczuk, None; 
Marek Rekas, None; Robert Iskander, None
Support: The National Centre for Research and Development Grant 
LIDER/074/L-6/14/NCBR/2015
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Investigation of corneal pulse response to artificial increase in 
intraocular pressure in rabbit eyes
Maja M. Rogala1, Monika E. Danielewska2, Agnieszka Antonczyk3, 
Zdzislaw Kielbowicz3, Jerzy Detyna1, Robert Iskander2. 1Department 
of Mechanics, Materials Science and Engineering, Wroclaw 
University of Science and Technology, Wroclaw, Poland; 
2Department of Biomedical Engineering, Wroclaw University of 
Science and Technology, Wroclaw, Poland; 3Department of Surgery, 
Wroclaw University of Environmental and Life Sciences, Wroclaw, 
Poland.
Purpose: Ocular dicrotic pulse (ODP) was observed among 
glaucoma patients and its origin remains unknown. We performed 
a clinical study to assess changes in time and spectral parameters 
of the corneal pulse (CP) signal leading to ODP after monitored 
short-term artificial increase of intraocular pressure (IOP) in rabbit 
eyes. We hypothesized that the increased level of IOP should alter the 
characteristic of the CP signal.
Methods: Eight New Zealand white rabbits (3.5–4.5 kg) aged 6 
months were used in the experiment. Each animal was anaesthetized 
and underwent simultaneous recordings of IOP, CP, blood pulse (BP) 
signal and intra-arterial blood pressure (IBP). All the measurements 
were obtained at natural (baseline) or short term elevated IOP 
conditions (up to 90 mmHg). Invasive manometric method was 
employed for continuous IOP recording by inserting injection needle 
into anterior chamber of the eye. The CP signal was acquired in 
non-contact manner with ultrasonic transducer placed in front of 
the right eye synchronically with BP signal registered with pulse 
oximeter placed on animal ear artery. To obtain precise IBP data, the 
central auricular artery was catheterized. Raw data were numerically 
processed to estimate time and spectral parameters of CP signal.
Results: At baseline IOP condition, no significant correlations were 
found between IOP level and CP parameters represented in time 
and spectral domains. Elevated IOP conditions showed that IOP 
statistically significantly differentiate only the power of the first 
frequency harmonic of the CP signal (Kruskal-Wallis, p=0.031). 

Furthermore, there was a significant difference in mean, diastolic 
and systolic arterial pressure with the IOP levels (Kruskal-Wallis, 
p=0.025, p=0.019, p=0.033, respectively).
Conclusions: Elevated IOP was found to differentiate CP spectral 
distribution rather than its time domain parameters. Corneal response 
induced by elevated IOP reflects in changes in lower frequency 
component of the CP signal related to the blood pulse. We conclude 
that acute increase in IOP does not alter the higher harmonics of CP 
components, which are responsible for the ODP formation. Further 
investigation of the relation between CP and long term elevated IOP 
as well as corneal biomechanics should be conducted.
Commercial Relationships: Maja M. Rogala; 
Monika E. Danielewska, None; Agnieszka Antonczyk, 
None; Zdzislaw Kielbowicz, None; Jerzy Detyna, None; 
Robert Iskander, None
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Comparison of ocular rigidity between eyes with open-angle 
glaucoma and eyes with functional trabeculectomy blebs using 
a novel clinical method based on high-speed OCT choroidal 
imaging
Diane N. Sayah1, 4, Javier Mazzaferri1, Luke Beaton1, 
Maribel Hidalgo1, 2, Félix Lalonde1, 3, Denise Descovich1, 
Santiago Costantino1, 3, Mark R. Lesk1, 3. 1Centre de recherche de 
l’Hôpital Maisonneuve-Rosemont, Montreal, QC, Canada; 2Institut 
National de la Recherche Scientifique, Montreal, QC, Canada; 
3Ophthalmology, Université de Montréal, Montreal, QC, Canada; 
4École d’Optométrie, Université de Montréal, Montreal, QC, Canada.
Purpose: Ocular rigidity (OR) is thought to play a key role in 
the pathogenesis of open-angle glaucoma (OAG). While there is 
currently no reliable clinical method to assess OR, our group has 
recently developed a technique permitting a direct and non-invasive 
measurement in humans. This will allow us to measure OR on a 
wide range of patients and further investigate the causes of glaucoma 
progression. The purpose of this clinical study is to measure and 
compare OR coefficients between eyes with OAG and eyes with 
functional trabeculectomy blebs. We expect that the OR will be lower 
in the bleb group.
Methods: Forty-nine age-matched subjects (36 eyes with OAG and 
13 with OAG and functional trabeculectomy blebs) were recruited 
and OR was measured using our novel method. As described in 
Beaton et al. (2015), this method, which is based on Friedenwald’s 
equation, involves high-speed OCT imaging and automated 
segmentation of the choroid, as well as dynamic contour tonometry, 
to calculate the OR coefficient. Axial length (AL), central corneal 
thickness (CCT), corneal hysteresis (CH), corneal resistance 
factor (CRF) and systemic arterial pressure were obtained from all 
participants. Univariable and multivariable analyses were conducted 
to compare OR differences between both groups.
Results: Significant correlations were found between AL and OR 
(r=-0.265, p=0.001), as well as ocular pulse amplitude (OPA) and 
OR (r=0.362, p<0.001). After adjusting for the covariates which 
were shown to have the most influence on the model (Goldman IOP, 
OPA, CH, age, AL, and systolic blood pressure), the bleb group had 
significantly lower values of OR (0.0259 ± 0.00527/uL versus 0.0416 
± 0.00285/uL; p= 0.008) compared to the OAG group.
Conclusions: In our study, we found that eyes with OAG and 
functional trabeculectomy blebs have lower OR than eyes with OAG, 
even after controlling for IOP which differs between both groups. 
These findings could lead to a better understanding of the therapeutic 
effect of filtration surgery which often contributes to the long-term 
stability of glaucoma patients. Further investigation of a same cohort 
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before and after surgery could also help determine whether the 
biomechanical properties of the eye are modified following filtration 
surgery or whether patients with low OR are more likely to require 
filtration surgery.
Commercial Relationships: Diane N. Sayah, None; 
Javier Mazzaferri, None; Luke Beaton, None; Maribel Hidalgo, 
None; Félix Lalonde, None; Denise Descovich, None; 
Santiago Costantino, Univalor (P); Mark R. Lesk, Heidelberg 
Engineering (F), Univalor (P)
Support: Supported by Canadian Institutes of Health Research, 
Natural Sciences and Engineering Research Council of Canada and 
Fonds de Recherche en Ophtalmologie de l’Université de Montréal 
(S.C. and M.L.)
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Effects of dexamethasone on trabecular meshwork stiffness in 
mice
Ke Wang1, A. T. Read1, Guorong Li2, W. D. Stamer2, C R. Ethier1. 
1Coulter Department of Biomedical Engineering, Georgia Institute 
of Technology/Emory University, Atlanta, GA; 2Department of 
Ophthalmology, Duke University School of Medicine, Durham, NC.
Purpose: Treatment with dexamethasone (DEX) can increase 
intraocular pressure (IOP) and may lead to the development of 
steroid-induced glaucoma. Previous studies demonstrated that DEX 
treatment increased the stiffness of cultured trabecular meshwork 
(TM) cells along with their extracellular matrix; however, whether 
the increased TM stiffness is a contributor to elevated IOP remains 
unknown. Our goal was to study the correlation between IOP and TM 
stiffness in DEX-treated mice.
Methods: C57BL/6J mice (n=13; ages: 8-14 weeks) were 
divided into DEX-treated (DEX mice; n=10) and vehicle-treated 
(control mice; n=3) groups. Custom nano-sized polymers (NPs) 
which incorporated either DEX or vehicle were injected into the 
subconjunctival space of the right eye for DEX and control mice 
respectively at day 0, and again at day 13. IOP was recorded 
approximately weekly using tonometry (Tonolab), up to day 20-40. 
Both eyes were then enucleated, snap-frozen, sagittally cryosectioned 
and TM stiffness measured using atomic force microscopy (AFM) on 
thawed cyosections, in a masked manner.
Results: In control mice, no significant differences in either IOP or 
TM stiffness were observed between the two eyes. In DEX mice, 
70% of animals had elevated IOP in the DEX-treated eye on the day 
of sacrifice. Three DEX mice had significantly increased TM stiffness 
in the treated eyes vs. their contralateral eyes (Figure 1; Benjamini-
Hochberg correction performed). Further, IOP and TM stiffness were 
highly correlated (R2=0.99) in those mice, but this did not reach 
statistical significance (P=0.07) due to small sample size.
Conclusions: DEX treatment increases TM stiffness in some, but 
not all, mice. There is a correlation between TM stiffness and IOP 
in mice with higher TM stiffness. Further studies are underway to 
measure DEX concentrations OU after treatment and to identify 
mechanisms underlying the biomechanical response of TM to DEX.

Figure 1: Boxplot of compressive modulus of TM in DEX-treated 
mice (n=10). For each box, the central mark is the median, the edges 
of the box are the 25th and 75th percentiles, and whiskers extend to 
the most extreme data points not considered outliers. R: right eye; L: 
left eye. All mice were DEX treated in the right eyes; contralateral 
eyes served as controls. Blue dashed line is the mean TM stiffness of 
control mice with 95% confidence interval indicated as blue band. * 
corrected p-value<0.05.
Commercial Relationships: Ke Wang, None; A. T. Read, None; 
Guorong Li, None; W. D. Stamer, None; C R. Ethier, None
Support: Georgia Research Alliance (CRE); BrightFocus Foundation 
(GL)
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An ex vivo pigment dispersion glaucoma perfusion model
Yalong Dang1, Susannah Waxman1, Ralitsa Loewen1, 
Adrianna Jensen1, CHAO WANG1, 2, Ming Sun3, Nils Loewen1. 
1Department of Ophthalmology, University of Pittsburgh, Pittsburgh, 
PA; 2Xiangya School of Medicine, Central South University, 
Changsha, China; 3Department of Cell Biology, University of 
Pittsburgh, Pittsburgh, PA.
Purpose: Pigment dispersion glaucoma (PDG) is a common form 
of secondary open angle glaucoma with early age of onset, high 
intraocular pressure (IOP) and higher resistance to treatment than 
primary open angle glaucoma. The aim of this study was to develop 
and characterize a realistic ex vivo PDG model to develop novel, 
specific therapies.
Methods: Anterior segments of twenty-four porcine eyes were 
dissected, mounted, and cultured in constant-rate perfusion units. We 
produced size (1.03 +/-0.11) micron pigment granules by freeze-
thaw, fragmentation, filtration and washing iris fragments. After 
IOP stabilization, eyes in the treatment group were perfused with 
pigment granules (1.67*10^7 particles/ml) for 196 hours. Control 
samples continued perfusion with pigment-free media. IOP was 
recorded continually. The TM was examined using hematoxylin and 
eosin stained sections and electron microscopy. We quantified how 
phagocytosis, adhesion, migration, and cytoskeleton changes in vitro 
when challenged with pigment. To further investigate pathways and 
mechanisms, a gene expression (GeneChip® Pico Kit, Affymetrix) 
and pathway analysis (Ingenuity Pathway Analysis) was performed.
Results: Pigment granules generated by free-thaw method had no 
cytotoxic effects to primary TM cells at a concentration of 1.67*10^7 
particles per ml. Baseline IOPs were (16.8 +/- 7.3) mmHg and began 
to elevate after 12 hours of pigment treatment. IOP peaked at 72 
hours (29.4 +/- 8.1 mmHg) and remained steady to the end of this 
study (Figure 1). Histologically, pigment granules did not cause a 
physical outflow obstructions in between TM cells but were instead 
phagocytosed and aggregated around cell nuclei. Electron microscopy 
indicated TM cell apoptosis and lysosome activation. Significant 
decrease of phagocytosis, disruption of actin cytoskeleton, decrease 
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of cell-cell and cell-matrix adhesion, and increase of TM migration in 
vitro and ex vivo were observed. The gene microarray and pathway 
analysis revealed 1025 genes to be upregulated or downregulated 
more than 1.5 fold compared to the control that were associated with 
cell phagocytosis, migration, cytoskeleton, and extracellular matrix 
formation (Figure 2).
Conclusions: We developed an affordable PDG ex vivo model that 
resembles human PDG. The discovery of decreased phagocytosis and 
increased migration suggest that manipulation of these pathways can 
be examined in this model to evolve disease-specific therapies.

Figure 1.

Figure 2
Commercial Relationships: Yalong Dang; Susannah Waxman, 
None; Ralitsa Loewen, None; Adrianna Jensen, None; 
CHAO WANG, None; Ming Sun, None; Nils Loewen, None
Support: National Institutes of Health Grant K08EY022737-01 
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Dynamic compensation occurs in the aqueous outflow pathway in 
non-human primates with experimental glaucoma
Seth Eaton1, 2, Vijaykrishna Raghunathan1, 3, Brian J. Christian4, 
Joshua T. Morgan2, James N. Ver Hoeve1, 5, Chen-Yuan C. Yang6, 7, 
Haiyan Gong6, 7, Carol A. Rasmussen1, 5, Paul Miller1, 8, 
Paul Russell1, 2, T Michael Nork1, 5, Christopher J. Murphy1, 2. 
1Ocular Services on Demand (OSOD), Madison, WI; 2Department of 
Surgical and Radiological Sciences, School of Veterinary Medicine, 
University of California - Davis, Davis, CA; 3The Ocular Surface 
Institute, Department of Basic Sciences, College of Optometry, 
University of Houston, Houston, TX; 4Covance Laboratories, Inc., 
Madison, WI; 5Department of Ophthalmology and Visual Sciences, 
School of Medicine and Public Health, University of Wisconsin - 
Madison, Madison, WI; 6Department of Anatomy and Neurobiology, 
School of Medicine, Boston University, Boston, MA; 7Department 
of Ophthalmology, School of Medicine, Boston University, Boston, 
MA; 8Department of Surgical Sciences, School of Veterinary 
Medicine, University of Wisconsin - Madison, Madison, WI.
Purpose: Retinal and optic nerve changes in non-human primates 
(NHPs) with laser-induced experimental glaucoma (EG) are known, 
but aqueous outflow pathway changes are understudied. This 
investigation reports biomechanical, proteomic, and ultrastructural 
features of unlasered trabecular meshwork (TM) in NHPs with EG.
Methods: Enucleated globes were analyzed from 16 adult female 
Macaca fascicularis with EG OD, previously used in preclinical 
study of hypotensive drugs. Globes were included from animals 
with EG for >3 years, drug washout ≥3 months prior to collection, 
and prior serial measurement of retinal nerve fiber layer thickness 
(RNFLT) with optical coherence tomography (SD-OCT). Unlasered 
TM from EG eyes and site-matched TM from fellow globes (OS, 
controls) were dissected for: measurement of elastic modulus (EM) 
with atomic force microscopy (AFM), proteomic analysis, and 
confocal light and transmission electron microscopy (TEM).
Results: Between EG eyes and controls, RNFLT differed by >10% in 
n=11 animals (Set 1), and by ≤5% in n=5 animals (Set 2). Mean EM 
in n=8 animals (Set 1: n=6, Set 2: n=2) was ~6-fold lower in EG eyes 
(Set 1: 0.464±0.036 kPa, Set 2: 0.151±0.014 kPa) than controls (Set 
1: 3.31±0.32 kPa, Set 2: 2.63±0.14 kPa). There was no correlation 
between EM and in vivo intraocular pressure (IOP) or RNFLT. 
Proteomic analysis of TM from n=7 animals (Set 1: n=5, Set 2: 
n=2) yielded significant differences in expression of 11 matricellular 
proteins. Microscopy of n=3 animals (Set 1) showed TM thinning in 
EG eyes compared to controls (mean 53.7±3.1 vs. 127.4±24.0 μm, 
respectively;p=0.03). On TEM, fewer giant vacuoles were seen in EG 
eyes than controls (mean 11±8 vs. 47±9/mm, respectively;p<0.01); 
and narrowing and inner wall endothelial cell loss was observed in 
Schlemm’s canal of EG eyes.
Conclusions: Marked RNFL thinning may not be observed in all 
animals with EG despite elevated IOP. In EG eyes, unlasered TM 
is invariably and maximally softened, with downregulation of 
structural and metabolic proteins. TM is also comparatively thinned 
and acellular in EG eyes. Dynamic compensation of TM in EG eyes 
suggests a response lacking in human patients with POAG. Despite 
in vivo findings that support its use in neuroprotective investigations, 
compensatory aqueous outflow pathway changes in NHPs with laser-
induced EG may limit this model’s utility in studies of therapies that 
target the TM.
Commercial Relationships: Seth Eaton; 
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Chen-Yuan C. Yang, None; Haiyan Gong, None; 
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The role of α-actinin and RhoA in the mechanical properties of 
Schlemm’s canal cells
Amir Vahabikashi1, Kristin M. Perkumas3, Chan Young Park4, 
W Daniel Stamer3, 5, Jeffrey Fredberg4, Mark Johnson1, 2. 
1Biomedical Engineeirng, Northwestern University, Evanston, 
IL; 2Ophthalmology, Northwestern University, Chicago, IL; 
3Ophthalmology, Duke University, Durham, NC; 4Public Health, 
Harvard University, Boston, MA; 5Biomedical Engineering, Duke 
University, Durham, NC.
Purpose: Schlemm’s canal (SC) cells isolated from glaucomatous 
donor eyes are stiffer than cells isolated from normal donor eyes 
(Overby et al. 2014). Increased stiffness of glaucomatous SC cells 
leads to a decrease in pore-forming ability, likely contributing to 
increased outflow resistance in ocular hypertension. To explore ways 
of directly testing the impact of stiffness on SC cell physiology in 
a controlled fashion, we constructed two adenoviruses encoding 
cytoskeletal modulators and measured their ability to alter SC cells 
mechanics.
Methods: Two adenoviruses were engineered, one encoding α-
actinin (tagged with a GFP reporter) and the other constitutively 
active RhoA (CA-RhoA), both driven by an ubiquitin promoter. 
Primary cultures of SC cells (nnormal=4, nglaucoma=1) were transduced 
with adenovirus (MOI=100). Non-transduced cells were used as 
the first control and an adenovirus construct containing ubiquitin 
promoter and GFP reporter with no intervening sequence was used 
as the second control. Atomic force microscope (AFM) was used to 
measure cortical and subcortical stiffness in cells (15-20 cells per 
group) as described previously (Vargas-Pinto et al. 2013). Traction 
force microscopy (TFM) was used to assess traction forces on cell 
substrate. We used Western blot analysis to determine recombinant 
and endogenous protein expression and confocal microscopy to 
visualize F-actin distribution.
Results: AFM and confocal imaging results showed that doubling 
expression of α-actinin or CA-RhoA in SC cells increased cortical 
actin content, with a corresponding elevation in cortical stiffness  
(Fig. 1: p<0.03), but does not change the subcortical stiffness 
(p>0.15). TFM studies indicate that overexpression of RhoA (Fig. 
2: p<0.05), but not α-actinin (p>0.7) increased traction forces in SC 
cells.
Conclusions: Overexpression of either α-actinin or CA-RhoA 
significantly increased cortical actin content and stiffness of human 
SC cells in culture. Moreover, CA-RhoA overexpression increased 
traction forces in cultured SC cells. Future studies will determine 
the impact of virus-directed increase of SC cell stiffness on pore 
formation in vitro and outflow resistance in situ.

Figure 1: Young’s modulus (mean±SE) for cortical stiffness of the 
five SC cell strains examined.

Figure 2: TFM measurements (mean+SD) for SC cells.
Commercial Relationships: Amir Vahabikashi, None; 
Kristin M. Perkumas, None; Chan Young Park, None; W 
Daniel Stamer, None; Jeffrey Fredberg, None; Mark Johnson
Support: NIH 2R01EY019696-06
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Nitric oxide changes the biomechanical behavior of Schlemm 
canal cells and HUVECs
Rudolf Fuchshofer1, Duong Nguyen3, W. D. Stamer2, Mark Johnson3. 
1Human Anatomy and Embryology, University of Regensburg, 
Regensburg, Germany; 2Department Of Ophthalmology, Duke 
University, Durham, NC; 3Departments of Biomedical Engineering, 
Mechanical Engineering and Ophthalmology, Northwestern 
University, Evanston, IL.
Purpose: A number of studies have shown that aqueous humor 
outflow resistance and thereby intraocular pressure (IOP) are 
regulated by nitric oxide synthase (NOS). Recent studies by our 
group found that altered biomechanical behavior of cells in the 
glaucomatous conventional outflow pathway interferes with their 
proper functioning. Surprisingly, no previous study has examined 
the mechanical response of endothelial cells to NO. In the present 
study, we analyzed the effect of NO on the actin cytoskeleton and the 
biomechanical behavior of endothelial cells.
Methods: Schlemm canal (SC) cell strains were isolated from 3 
human donors and HUVECs were purchase from Cell Applications. 
HUVECs and SC cells were treated with 50μM and 100μM DETA-
NO for time periods of 3 to 5 hours. HUVEC and SC cells were 
labeled with phalloidin-TRITC and changes of the actin cytoskeleton 



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.

were analyzed by immunocytochemistry. Stiffnesses of vehicle and 
DETA-NO treated (50 μM) HUVECs and SC cells were measured by 
atomic force microscopy using spherical (10 μm) and sharp tips, and 
statistical significance was determined using a Student’s t-test.
Results: The immunocytochemical analysis of HUVEC and SC 
cells showed marked changes in the actin cytoskeleton of both cell 
types after DETA-NO treatment. DETA-NO treatment induced a 
pronounced actin depolymerization in both cell types (figure below 
shows typical results for SC cells). Use of a rounded AFM tip, which 
probes subcortical stiffness, showed that DETA-NO decreased SC 
cell stiffness from 1.4±0.3 kPa (mean±SE) to 0.8±0.1 kPa (p<0.02) 
and decreased HUVEC stiffness from 1.3±0.2 kPa (mean±SE) to 
0.8±0.2 kPa (p<0.05). Use of a sharp AFM tip, that probes cortical 
stiffness, showed that DETA-NO decreased stiffness from 6.2±1.1 
kPa (mean±SE) to 4.0±0.6 kPa (p<0.005) in SC cells while studies on 
HUVECs are in progress.
Conclusions: We report strong preliminary evidence that NO leads 
to marked changes in the biomechanical behavior of SC cells. We 
suggest that previous observed reduction of the conventional outflow 
resistance after NO treatment is in part linked to the observed 
alteration of the cellular stiffness in SC cells.

Commercial Relationships: Rudolf Fuchshofer; Duong Nguyen, 
None; W. D. Stamer, None; Mark Johnson, None
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Iris mechanical stiffness calculated using an in-vivo imaged-
based finite element method in Indian patients with occludable 
angles post laser peripheral iridotomy
Rouzbeh Amini1, Anup Pant1, Priyanka Gogte2, Syril K. Dorairaj3, 
Vanita Pathak-Ray2. 1Department of Biomedical Engineering, 
University of Akron, Akron, OH; 2LV Prasad Eye Institute, 
Hyderabad, India; 3Department of Ophthalmology, Mayo Clinic, 
Jacksonville, FL.
Purpose: Ex-vivo studies have shown that the iris is mechanically 
stiffer in patients suffering from angle closure glaucoma (IOVS, 
2015 May: 6139). The in-vivo tissue responses, however, differ from 
ex-vivo ones, and ex-vivo measurements are severely limited for 
diagnosis and treatment development. To bridge this knowledge gap, 
we developed a method to calculate the iris stiffness using in-vivo 
imaging and computer simulation both in glaucomatous eyes and in 
healthy control ones.
Methods: Anterior segment optical coherence tomography (Carl 
Zeiss Meditec, Inc., Dublin, CA) images were acquired from Indian 
patients with occludable angles (n=8) who had undergone peripheral 
laser iridotomy (LPI) for angle closure and in healthy volunteers 
(n=8) at LV Prasad Eye Institute in Hyderabad, India. Images were 
taken in standard light and following pharmacologically induced 
dilation. An axis symmetric model of the iris based on our previous 
finite element model (IOVS, 53: 1188-1194) was constructed. A thin 
layer of the dilator muscle (8.5μm) was identified in the model and 

the corresponding dilator stress was applied. An inverse modeling 
approach (J. Global. Optim., 11: 341–359) was used to calculate iris 
elastic modulus (E), a metric for iris stiffness. The simulations were 
performed on an HP Intel Xeon machine at the Ohio Supercomputing 
Center (Columbus, OH).
Results: The iris elastic modulus in healthy eyes was 2.05 ± 0.73 kPa 
(mean ± standard error). However, in patients with occludable angles 
who had undergone LPI, the iris was significantly stiffer with much 
higher elastic modulus value of 9.86 ± 3.71 kPa (Figure 1, p <0.05, 
Student t test).
Conclusions: Previous studies have attributed parameters 
contributing to the dynamic deformation of the iris (e.g. 
compressibility) as risk factors for glaucoma (J Glaucoma, 18:173–
179; Ophthalmology, 117:3–10). In this work, we showed that 
in-vivo iris stiffness is potentially another parameter significantly 
different in patients with the history of angle closure glaucoma. Since 
our proposed study is a non-invasive procedure, it has the potential 
to become a new diagnostic method following further studies in 
different patient populations.

Commercial Relationships: Rouzbeh Amini, None; Anup Pant, 
None; Priyanka Gogte, None; Syril K. Dorairaj, None; 
Vanita Pathak-Ray, None

Program Number: 3152 Poster Board Number: B0055
Presentation Time: 11:00 AM–12:45 PM
Characterization Method for the IOP-time-dependent Cornea 
and Sclera Biomechanics
Gianfranco Bianco1, Luigi Bruno2, 1, Massimo A. Fazio1. 
1Ophthalomology, The University of Alabama at Birmingham, 
Birmingham, AL; 2Department of Mechanical, Energy and 
Managment Engineering, University of Calabria, Arcavacata di 
Rende, Italy.
Purpose: To present an optical characterization method for 
measuring time-dependent corneo-sclera shell biomechanics, through 
an integration of Electronic Laser Speckle Interferometry (ESPI) and 
3D geometry reconstruction.
Methods: The posterior pole of a human donor eye has been 
inflation tested to record the time-varying displacement and strain 
fields in the peripapillary and mid-peripheral sclera. The pressure 
inside the eye was abruptly elevated by manually switching pressure 
between two PBS reservoirs set at 5 and 30 mmHg (IOP-transient 
test). The anterior pole from the same donor eye was later inflation 
tested by steadily increasing the IOP for the same pressure range. 
A custom-built ESPI composed of a laser and four synchronized 
cameras simultaneously recorded the time-varying deformations 
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with nanometric accuracy (<30 nm) and an imaging rate of 180Hz. 
The multi-camera optical set-up allowed for a 3D stereo geometry 
reconstruction of the specimen shapes with an accuracy lower than 
25 μm.
Results: The IOP elevation in the cornea generated high values of 
strain in the limbus region, close to the apex, and around muscle 
insertions (Fig. 1, right). In the sclera, high gradients of strain were 
observed around the optic nerve but not in the mid-peripheral region 
(Fig.1, left). In the IOP-transient test the peripapillary and mid-
peripheral sclera showed a similar overall average deformation rate 
during the IOP rapid increase (1000<time<2500 μs), while once 
relaxation was reached (time>3000 μs) the peripapillary sclera 
showed higher displacements than the mid-peripheral.
Conclusions: Thanks to the high rate interferometric imaging, the 
dynamic response of the corneo-sclera shell can be finely resolved 
in both the spatial and temporal domain. This will allow for the 
investigation of the corneo-sclera mechanical response to time-
varying IOP, and how its biomechanics is altered in ocular diseases 
like glaucoma, myopia, and keratoconus.

Strain field mapped on the textured 3D model: sclera (left) and 
cornea (right). The custom ESPI merges displacements and specimen 
geometry data to finely resolve the local spatial distribution of the 
IOP-time-dependent deformations.

Average of the time-dependent displacement magnitude in the 
peripapillary and mid-peripheral regions for a rapid IOP increase 
(ΔIOP= 5-30 mmHg). The two regions deformed similarly during the 
transitory, but notabley different once the IOP stabilized (time>3000 
μs).
Commercial Relationships: Gianfranco Bianco; Luigi Bruno, 
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The Impact of Choroidal Swelling on Optic Nerve Head 
Deformation
Andrew Feola1, Brian C. Samuels2, Emily Nelson3, C R. Ethier1. 
1Biomedical Engineering, Georgia Institute of Technology, Atlanta, 
GA; 2Ophthalmology, University of Alabama Birmingham, 
Birmingham, AL; 3NASA Glenn Research Center, Cleveland, OH.
Purpose: Previous work has shown that finite element (FE) models 
provide vital insight for understanding the impact of intraocular 
pressure (IOP) and intracranial pressure (ICP) on optic nerve 
head (ONH) deformation. Here, we expand on these FE models to 
investigate the biomechanical effects of choroidal swelling on the 
ONH, as such swelling may influence ONH mechanical strain.
Methods: We extended a recent model of the posterior eye (Feola 
et al., IOVS, 2016) to include Bruch’s membrane and the choroid. 
The choroid was represented as a mixture material with a linear-
elastic solid matrix and a Donnan equilibrium component to simulate 
swelling. The sclera, peripapillary sclera, annular ring, pia and 
dura were modeled as a neo-Hookean matrices with embedded 
collagen fibers, while the neural tissues and lamina cribrosa (LC) 
were modeled as linear-elastic. We assumed an IOP=15 mmHg, 
ICP=10 mmHg, and a mean arterial pressure=86 mmHg as our 
baseline condition, and imposed a 5 uL increase in choroidal volume, 
estimated to occur over a cardiac cycle. The computed strain field 
were decomposed into three principal strains, with the 1st and 3rd 
components representing tension and compression, respectively. Our 
outcome measures were the peak 1st and 3rd principal strains in the 
LC and prelaminar neural tissue (PLNT), since cells are sensitive to 
mechanical strain.
Results: Choroidal swelling altered the strain distributions in the LC 
and PLNT (Fig), causing a small increase in the peak 1st (0.91% to 
1.1%) and 3rd (-0.89% to -1.14%) principal strain magnitudes within 
the LC. The effect of choroidal swelling on strain magnitudes in the 
PLNT was more pronounced: peak 1st principal strain increased from 
0.67% to 2.77%, and peak 3rd principal strain changed from -1.69 to 
-2.71%.
Conclusions: Choroidal swelling had an impact on strain magnitudes 
in the LC, although not to the same degree as elevating IOP to 30 
mmHg which led to peak 1st and 3rd principal strains of 1.45% and 
-1.89%. However, choroidal swelling considerably increased peak 
strain magnitudes in the PLNT. Therefore, prolonged or higher 
degrees of choroidal swelling may initiate a mechanobiological 
response, highlighting the potential impact of choroidal swelling on 
biomechanical strains in the ONH.

Contour plots of the 1st (left column) and 3rd (right column) principal 
strains in the ONH. Top panel: baseline condition; Bottom panel: 5 
uL of choroidal swelling.
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ONH Deformation in Human Eyes Using Ultrasound Speckle 
Tracking
Elias Pavlatos1, Xueliang Pan2, Keyton Clayson1, Richard T. Hart1, 
Paul Weber3, Jun Liu1, 3. 1Department of Biomedical Engineering, The 
Ohio State University, Columbus, OH; 2Center for Biostatistics, The 
Ohio State University, Columbus, OH; 3Ophthalmology and Visual 
Sciences, The Ohio State University, Columbus, OH.
Purpose: To map and quantify the deformation of the human ONH 
and peripapillary (pp) sclera in response to intraocular pressure (IOP) 
elevation.
Methods: Eight human globes were tested within 36 hours 
postmortem. The optic nerve was trimmed to the outer surface of 
the pp sclera. The globes were held in place using a custom-built 
holder and immersed in 0.9% saline. Two 20G needles were inserted 
into the anterior chamber, one connected to a programmable syringe 
pump (PHD Ultra, Harvard Apparatus) to control IOP and the other 
to a pressure sensor (P75, Harvard Apparatus) to monitor IOP. The 
globes were preconditioned with 20 pressure cycles from 5 to 30 
mmHg then equilibrated at 5 mmHg for 30 minutes. Inflation tests 
were performed from 5 to 30 mmHg with 0.5 mmHg steps every 
15 seconds. Ultrasound images 8 mm in width were obtained along 
the nasal-temporal meridian of the ONH at each step (Vevo 660, 
VisualSonics). An ultrasound speckle tracking algorithm calculated 
vertical displacements and compressive strains (Tang & Liu, J 
Biomech Eng 2012, 134(9)).
Results: The ONH showed nonlinear posterior (vertical) 
displacements during inflation with average magnitudes of 71.83 ± 
37.48 μm at 15 mmHg and 120.23 ± 64.76 μm at 30 mmHg for all 
eyes. The ONH had larger posterior displacements compared to the 
pp sclera (Fig 1c). A consistent gradient of posterior displacements 
resulted in a nearly uniform layer of compressive strain (Fig 1d). The 
compressive strains at 15 and 30 mmHg were -0.0075 ± 0.0067 and 
-0.0218 ± 0.0146 respectively. At 15 mmHg, the anterior half of the 
ONH experienced larger displacements (64.29 μm vs 62.43 μm, p = 
0.018) and strains (-0.0138 vs -0.0045, p = 0.001) compared to the 
posterior half (Fig 2). The same trend was observed at 30 mmHg.
Conclusions: Ultrasound speckle tracking revealed posterior 
displacement and through-thickness compression of the ONH and 
pp sclera during inflation. The largest deformations occurred in the 
anterior ONH, likely corresponding to the prelaminar neural tissue. 
The pp sclera had much smaller posterior displacements, but similar 
compressive strains (i.e. displacement gradients). These new findings 
may offer insight into the biomechanical mechanisms of glaucoma 
pathophysiology.

Fig 1. Ultrasound image of ONH (a), anterior/posterior layers (b), 
displacement (c) and strain (d) color maps.

Fig 2. Average vertical displacement (a) and compressive strain (b) 
during inflation (n=8).
Commercial Relationships: Elias Pavlatos, None; Xueliang Pan, 
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A fast method to measure the biomechanical properties of human 
optic nerve head tissues in vivo
Liang Zhang1, 2, Baskaran Mani3, 4, Tin Aung3, 5, 
Nicholas G. Strouthidis3, 6, Michael J. Girard1, 3. 1Department 
of Biomedical Engineering, National University of Singapore, 
Singapore, Singapore; 2NUS Graduate School for Integrative 
Sciences and Engineering, National University of Singapore, 
Singapore, Singapore; 3Singapore Eye Research Institute, Singapore 
National Eye Centre, Singapore, Singapore; 4Eye-ACP, Office of 
Clinical, Academic and Faculty Affairs, Duke-NUS Medical School, 
Singapore, Singapore; 5Yong Loo Lin School of Medicine, National 
University of Singapore, Singapore, Singapore; 6NIHR Biomedical 
Research Centre at Moorfields Eye Hospital NHS Foundation Trust 
and UCL Institute of Ophthalmology, London, United Kingdom.
Purpose: To estimate the biomechanical properties of optic nerve 
head (ONH) tissues in vivo using optical coherence tomography 
(OCT) imaging and a fast computational method, namely, the virtual 
fields method (VFM).
Methods: A healthy human subject (age: 57) was recruited at the 
Singapore National Eye Centre. The ONH from the right eye was 
first scanned at baseline intraocular pressure (IOP, measured to be 17 
mmHg) using Spectral-domain OCT (Fig1.a). IOP was then gently 
raised by indenting the anterior sclera through the lower eyelid using 
an ophthalmodynamometer. While the indenter was maintained in 
place, IOP was measured to be 39 mmHg with a Tonopen and a 
second OCT scan of the ONH was acquired. Digital reconstruction of 
the ONH and 3D tracking algorithms were used to calculate the IOP-
induced displacements of the visible prelamina and lamina cribrosa 
(LC) using established protocols (Fig1.b). Tissue displacements 
(for the hexahedron-meshed region of interest in Fig1.c) and IOP 
information were then fed into our VFM algorithm to extract the 
biomechanical properties of the prelamina and LC (Fig1.d).
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Results: For the studied subject’s ONH, the measured elastic moduli 
of the prelamina and of the LC were 100.3 kPa and 189.1 kPa, 
respectively, which fell within the range of ex-vivo literature values. 
The computational time for VFM was 6 seconds using a standard 
computer (2.9 GHz quad-core Intel Core i5).
Conclusions: We present here novel engineering tools that can 
extract the biomechanical properties of the prelamina and of the LC 
in-vivo. The LC was found stiffer than the prelamina, likely due 
to the presence of collagen. Our proposed VFM method is fast and 
has potential in identifying patient-specific ONH biomechanical 
properties in the clinic.

Fig. 1 a) Flowchart for the VFM implementation to extract the 
biomechanical properties of human ONH tissues. b) Digital 
reconstruction of the prelamina and LC from the OCT volume of one 
healthy subject’s ONH. c) The relative position between the region 
of interest used in VFM (shown in blue) and the segmented ONH 
geometry (retina/prelamina shown in yellow, LC shown in orange). 
d) Mesh used in the VFM.
Commercial Relationships: Liang Zhang, None; Baskaran Mani, 
None; Tin Aung, None; Nicholas G. Strouthidis, None; 
Michael J. Girard, None
Support: Ministry of Education, Academic Research Funds, Tier 1 
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Biomechanical Responses of Sclera and Lamina Cribrosa to 
IOP Change Assessed by Optical Coherence Tomography in 
Glaucoma Eyes
Harry A. Quigley1, Thao D. Nguyen2, Sahar Bedrood3, Dan Midgett2. 
1Ophthalmology, Johns Hopkins Wilmer Eye Inst, Baltimore, MD; 
2Johns Hopkins University, Baltimore, MD; 3USC, Los Angeles, CA.
Purpose: To measure change in scleral curvature and anterior lamina 
cribrosa depth (ALD) globally and regionally in glaucoma eyes at 
different IOPs
Methods: Glaucoma eyes undergoing procedures to lower IOP were 
imaged by optical coherence tomography (OCT) and the position 
and curvature of the inner sclera and the ALD were compared at the 
different IOP levels in 34 eyes. OCT imaging was performed in a 6 
mm square area centered on the fovea with 19 horizontal scans and at 
the optic nerve head with 6 radial scans. Models of scleral curvature 
and ALD were generated from manually marked positions on each 
scan image and compared to IOP level, stage of glaucoma damage 

in optic disc, nerve fiber layer and visual field both overall and by 
regional quadrant and clock hour.
Results: Choroidal thickness significantly increased with IOP 
lowering (p = 0.002). Change in scleral curvature per mm Hg 
IOP decrease was more convex toward the cornea, but the mean 
change was not statistically significant (p = 0.48). Mean ALD was 
significantly deeper with larger cup/disc ratio, thinner rim area, and 
larger cup volume (p = 0.005, 0.006, and <0.0001), with thinner 
central corneal thickness, in men, and in non-white persons  
(p = 0.02, 0.02, 0.05, respectively). Mean change in ALD was either 
posteriorly and anteriorly, with overall mean = 27 + 142 μm (p = 
0.3). Change in ALD was related to the lower IOP level of paired 
comparisons (p=0.006), but not to the IOP difference between image 
sessions (p=0.94). Eyes with no change in ALD had somewhat worse 
visual field damage than those with significant anterior ALD change 
(p=0.07). Regions within each optic nerve head corresponding to 
zones with thicker nerve fiber layer had greater ALD deepening  
(p = 0.0007).
Conclusions: The lamina moves either anteriorly or posteriorly 
with IOP increase, with greater displacement at lower levels of 
IOP. Glaucoma eyes and regions within glaucoma eyes associated 
with greater glaucoma damage exhibited stiffer responses. ALD 
change should be studied prospectively as a biomarker for glaucoma 
susceptibility.
Commercial Relationships: Harry A. Quigley, None; 
Thao D. Nguyen, None; Sahar Bedrood, None; Dan Midgett, None
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Lamina cribrosa shape is different between humans and monkeys 
at baseline IOP and is changed differently with IOP elevations
Huong Tran1, 2, Jacob Wallace1, Andrew P. Voorhees1, Ziyi Zhu3, 
Bo Wang1, 2, Katie A. Lucy4, Joel S. Schuman4, Matthew Smith1, 2, 
Gadi Wollstein4, Ian A. Sigal1, 2. 1Department of Ophthalmology, 
University of Pittsburgh, Pittsburgh, PA; 2Department of 
Bioengineering, University of Pittsburgh, Pittsburgh, PA; 
3Department of Mechanical and Material Science Engineering, 
University of Pittsburgh, Pittsburgh, PA; 4NYU Langone Eye Center, 
NYU School of Medicine, New York, NY.
Purpose: The shape of the lamina cribrosa (LC) is an important 
determinant of IOP-induced mechanical stress. Our goals were to 
analyze monkey LC shapes under normal and elevated IOPs and 
compare our data to published studies of human LC shape. We 
measured shape index (SI) and curvedness (C), two measures of 
intrinsic lamina shape that are independent of external structures.
Methods: Optic nerve heads of 7 eyes (6 monkeys) were imaged 
with SD-OCT while IOP was modulated through cannulas and set 
at 4 levels: low (5-8 mmHg), baseline (15 mmHg), high (30 mmHg) 
and very high (40-50 mmHg). Custom code was used to reconstruct 
anterior LC (ALC) surfaces from manual markings (Tran et al, ARVO 
2016) and quantify SI and C (Koenderink, Image & Vis Comp, 1992; 
Thakku, IOVS, 2015). ALC curvatures K were measured every 1° as 
the inverse radius of a circular arc fit, and the SI and C of a surface 
calculated from the maximum and minimum Ks (Fig 1i). Within each 
eye, changes of SI and C were compared with baseline and fitted with 
linear regressions, using eye and IOP as predictors.
Results: At baseline IOPs, SI (-0.81±0.08, mean ± SD) was more 
similar across eyes and monkeys than C (-33±12 10-5 μm-1) (Fig 1ii). 
Neither IOP nor eye were correlated with changes in SI (Fig 2i). IOP 
was positively correlated with changes in C (β=1.4x10-6, p=0.015) 
(Fig 2ii).
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Conclusions: At baseline IOP, monkey ALCs had a trough-like 
shape, without the characteristic central ridge that makes human 
ALCs saddle rut shaped (Fig 1iii). As IOP increased, monkey 
ALCs became curvier, without much change in its shape. This 
is different from human ALCs in which IOP increases cause a 
decrease in SI from a saddle rut to a trough (Fig 2iii). The fact that 
there are differences between monkey and human LCs does not 
mean that the monkey model is not the best model to study LC 
biomechanics, however, there are differences that we must be aware 
of. The implications on the susceptibility to glaucoma remain to be 
determined.

(i) Shape index (SI) and curvedness (C) as functions of principal 
curvatures (kmax, kmin). (ii) Parameters at baseline IOP. (iii) Top: 
Illustration of SI. Bottom: Baseline SI for monkey and human.

Plots of IOP versus changes in (i) SI and (ii) C, and regression 
results. (iii) Comparison of changes in IOP and SI between monkey 
and human. Values are mean ± SD.
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Optic nerve deformations in normal enucleated human eyes in 
response to increased intraocular pressure
Jonathan P. Vande Geest1, Ehab Tamimi1, Jeffrey Pyne2, 
Stephen J. Howerton3. 1Bioengineering, University of Pittsburgh, 
Pittsburgh, PA; 2Department of Mechanical Engineering, University 
of California Berkeley, Berkeley, CA; 3Department of Mechanical 
Engineering, University of Arizona, Tucson, AZ.
Purpose: Glaucoma is the second leading cause of blindness 
worldwide affecting more than 7 million people. Assessment of the 
optic nerve head as a biomechanical structure may be important for 
identifying specific mechanisms in glaucomatous optic neuropathy. 
However, few studies in the literature have focused on measuring 
experimental strains of the optic nerve head in an inflated eye. In this 
study, we use an in-house sequential-digital image correlation system 
(S-DIC) to gather optic nerve deformation data for human posterior 
scleral shells undergoing pressure inflation. We hypothesize that there 
are significant differences in ON strains as compared to both PPS and 
non-PPS regions.
Methods: The posterior sclera of eyes from human donors of 
European descent above 50 years old (n=12) were inflated to 
intraluminal pressures from 5 to 45 mmHg. The S-DIC system was 
used to measure deformation data by tracking individual points of a 
speckle pattern applied to each eye. These measurements were used 
to create a point cloud for both the sclera and the optic nerve for both 
pressures. These point clouds were used to create meshes from which 
in-plane principal green strains were calculated. The geometries were 
segmented into three regions: the optic nerve (ON), the peripapillary 
sclera (PPS) and the non-PPS. The 95th percentile E1 and E2 values 
within these regions were compared.
Results: E1 values of the ON were significantly lower than that of 
PPS region (p-value = 0.017). E2 values of the ON were significantly 
lower than both the PPS and the non-PPS regions (p-value  
< 0.001 for both, Figure 1). Furthermore, a Pearson product-moment 
correlation was run to determine the relationship between the volume 
of the ON stump and the principal strain. There was no significant 
correlation between ON volume and E1 (r = 0.49, p = 0.106) or E2  
(r = 0.06, p = 0.852).
Conclusions: Our results indicate that the ON regions experienced 
less tensile deformation and more compressive deformation 
compared to scleral regions. Deformations in and around the ON 
may be important in assessing the biomechanical environment in 
the context of glaucoma. Future work in our laboratory is focused 
on identifying if ON strains differ across donor tissues from various 
racioethnic populations at higher risk for glaucoma.

Figure 1. Left) Principal strains of the various regions; Right) 
Example distributions of E1 and E2
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Lamina Cribrosa Pore Convexity Predicts Neural Tissue 
Mechanical Insult
Andrew P. Voorhees1, Ning-Jiun Jan1, 2, Morgan Austin2, 
John G. Flanagan3, Jeremy M. Sivak4, Richard A. Bilonick1, 
Ian A. Sigal1, 2. 1Ophthalmology, University of Pittsburgh, Pittsburgh, 
PA; 2Bioengineering, University of Pittsburgh, Pittsburgh, PA; 
3Optometry and Vision Science, University of California Berkeley, 
Berkeley, PA; 4Ophthalmology and Vision Sciences, University of 
Toronto, Toronto, ON, Canada.
Purpose: It is widely considered that glaucomatous vision loss is 
due to retinal ganglion cell (RGC) axon damage triggered by high 
levels of IOP-induced mechanical insult within the tissues of the 
lamina cribrosa (LC). Our recent work (Voorhees AP, et al. IOVS 
2016; 57:ARVO E-Abstract 4709) has suggested that the mechanical 
stretch within pores of the LC may vastly exceed the stretch of the 
LC as a whole (Fig 1). We hypothesized that the shape and size of 
the individual pores may predict both the magnitude and type of 
deformation in the pore.
Methods: We created microstructure-based models of 7 regions of 
sheep LC from 3 eyes across various locations, peripheral or central 
LC. We simulated an IOP increase of 30 mmHg. In total, deformation 
was predicted in 128 whole pores. We calculated maximum (volume-
weighted 90th percentile) stretch and compression and total area 
change for each pore. 4 shape parameters were studied as potential 
predictors: area, perimeter, aspect ratio and convexity. The best 
fitting linear fixed effect model, controlling for the region, for each 
deformation measure was determined by comparing the Akaike 
information criterion.
Results: A summary of the best fitting models is presented in Fig 
2A. All slopes including those for interactions, were significantly 
different from zero (p<0.05). Maximum stretch was best predicted by 
convexity alone (Fig 2B). Maximum compression and area change 
were best predicted by the combination of aspect ratio, convexity and 
either area or perimeter.
Conclusions: There were strong associations between pore shape and 
the deformation within the pore. Surprisingly, pore convexity appears 
to be the best determinant of the maximum stretch. The aspect 
ratio of the pore also appears important in predicting the maximum 
compression and area change. Pore shape may be a structural marker 
of glaucoma sensitivity.

Fig 1. Non-linear, anisotropic, finite element models based on 
histology were used to predict stretch in the ONH at both the (A) 
mesoscale level and (B) microscale level. Mesoscale models predict 
maximum stretch of 1-4%, while microscale models predict stretch 
within LC pores up to 20%.
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Fig 2. A) Shape parameters correlated with deformation. B) 
Convexity was strongly associated with maximum stretch across 
all seven regions. Example pores are shown at equal scale. Areas of 
pores near concave edges are often seen to stretch more than the rest 
of the pore. C) Definition of convexity.
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Biomechanics of Human Optic Nerve (ON) & Sheath Correlate 
With Connective Tissue Composition
Andrew Shin, Joseph Park, Ayesha Baig, Alan Le, Michael Jang, 
Vadims Poukens, Joseph L. Demer. Ophthalmology, Stein Eye 
Institute, UCLA, Los Angeles, CA.

Purpose: The ON sheath consists of inner & outer layers (Baig 
et al, ARVO'17). It has been proposed that tension exerted on the 
globe by the ON & sheath may be an intra-ocular pressure (IOP) 
independent mechanism of optic neuropathy in glaucoma. However, 
the biomechanics of these tissues are poorly characterized. This study 
correlated biomechanics with histology in human ON & sheath.
Methods: Human eyes with contiguous ONs 26 to 82 years of age 
were obtained within 3 days of death. Uniaxial tensile loading was 
used to characterize Young’s modulus of ON & ON sheath (whole, 
inner, & outer layer). Specimens were elongated at constant rate 
during tension recording in a load cell under physiological conditions 
with simultaneous cross section imaging using optical coherence 
tomography. Compressive testing was performed by microindentation 
with small, hard spheres imposing small deformations. Intact ON 
& sheath samples from each specimen were formalin fixed, paraffin 
embedded, sectioned at 10 mm, & stained with Masson trichrome to 
demonstrated collagen, & van Giesson’s elastin (EVG).
Results: Young’s modulus (YM), a measure of tensile stiffness of 
an elastic material, was calculated for each ON & sheath in 10 eyes. 
Mean (± SEM) YM for ON was 3.6±0.5 MPa, markedly less than for 
ON sheath at 17.9±1.0 MPa. For both ON & sheath, YM correlated 
positively with specimen age, with sheath YM for the oldest 2.5 
times that of the youngest. Tensile YM of the inner sheath layer at 
26.6±5.0 MPa significantly exceeded 9.0±3.4 MPa for the outer layer 
(P<0.05). Compressive modulus for the inner sheath at 8.6±0.5 kPa 
significantly exceeded the 6.0±0.3 kPa value for the outer sheath 
(P<0.04). Histology showed marked age-related increases in collagen 
& elastin in both ON & sheath, correlating closely with tensile & 
compressive moduli of the same specimens.
Conclusions: Human ON & sheath stiffness increases with age, 
probably due to the correlated increase in collagen & elastin in these 
tissues. At all ages, maximum tensile modulus occurs in the ON 
sheath inner layer that inserts at the perimeter of the lamina cribrosa 
(LC). ON tethering in adduction would produce progressively 
increased strain on the LC & peripapillary sclera because of this age-
related increase in ON & sheath stiffness, perhaps accounting for the 
progressive, age-related increase in prevalence of glaucomatous optic 
atrophy in older people who have normal IOP.
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Between a basket and a finger trap: a unified model of posterior 
pole fiber architecture
Ian A. Sigal1, 2, Ning-Jiun Jan1, 2, Kira L. Lathrop1, 2, 
Andrew P. Voorhees1. 1Department of Ophthalmology, University 
of Pittsburgh, Pittsburgh, PA; 2Department of Bioengineering, 
University of Pittsburgh, Pittsburgh, PA.
Purpose: The fiber architecture of the posterior pole plays a 
critical role in eye biomechanics. Models postulated to describe the 
architecture typically include a ring of fibers thought to protect the 
neural tissues from mechanical insult from IOP. These models, do not 
explain other aspects of the architecture, such as radial or intertwined 
fibers in the sclera, or the observations of IOP-induced contraction 
of the canal. We propose a new model of posterior pole architecture 
in which fibers follow near-geodesic curves. We compared the fiber 
distributions and posterior pole biomechanics arising from our model 
with previous models and experimental data from ours and other 
laboratories
Methods: We constructed virtual posterior poles with our proposed 
architecture and of other common models (Fig 1). We simulated 
how these poles would appear in histological analysis done at high 
resolution with our own polarized light microscopy (Jan BOE 2015) 
and at low resolution with SALS (Jones Interace 2015) and WAXS 
(Pijanka IOVS 2012). We constructed finite element models of the 
posterior poles and simulated increases in IOP
Results: There was good correspondence between our proposed 
architecture and experimental observations obtained from SALS, 

WAXS and PLM (Fig 1c). Our geodesic architecture resulted in 
much lower mechanical insult than all other models (Fig 2). Small 
deviations from the geodesics produced various amounts of canal 
expansion and even canal contraction
Conclusions: The geodesic fiber architecture model we propose is 
more biomechanically favorable than previous models, reducing 
insult to the neural tissues. Our model was consistent with 
experiments, explaining the appearance of a circumferential ring of 
fibers around the canal in low resolution imaging, as well as the radial 
and intertwined fibers observed in the more distal sclera at higher 
resolution. The model architecture is highly adaptable, allowing eye-
specific responses, including canal expansion and contraction

Fig 1. Our proposed fiber architecture is consistent with high 
resolution fiber orientation measurements. Simulating a low 
resolution SALS experiment causes the appearance of a ring of 
highly aligned fibers around the canal, surrounded by a region of low 
alignment

Fig 2. Five models of fiber architecture and the stretch induced by 
50mmHg IOP. Our model of geodesic fibers greatly reduced stretch 
in both the lamina cribrosa and sclera
Commercial Relationships: Ian A. Sigal, None; Ning-Jiun Jan, 
None; Kira L. Lathrop, None; Andrew P. Voorhees, None
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Stretch-Induced Collagen Bundle Uncrimping and Recruitment 
are Independent of Depth in Equatorial Sclera
Jacob Wallace1, Ning-Jiun Jan1, 2, Alexandra Gogola1, 
Michael Iasella2, Kira L. Lathrop1, Andrew P. Voorhees1, 
Huong Tran1, 2, Ian A. Sigal1, 2. 1Department of Ophthalmology, 
University of Pittsburgh, Pittsburgh, PA; 2Department of 
Bioengineering, University of Pittsburgh, Pittsburgh, PA.
Purpose: The micro-scale response of the sclera to load is important 
in physiology and disease. However, studies of sclera mechanics 
are often limited to the superficial layers. Our goal was to measure 
micro-scale effects of macro-scale stretch on equatorial sclera 
collagen fiber bundles and determine if it varies with depth.
Methods: 3 goat eyes were cryosectioned sagittally (30μm) without 
fixation. Equatorial sclera sections were mounted to a custom 
uniaxial stretcher and imaged with polarized light microscopy at 
various levels of macro-scale stretch (Jan ARVO 2016 E-Abstract 
3566). Bundle depth, collagen fiber orientation (Jan BOE 2015), 
and micro-scale strain (percent change in length) were measured 
(Sigal IOVS 2014). Waviness (circular SD of fiber orientation) and 
average micro-scale strain were tracked. 75th percentile waviness 
values at the final stretch point were considered eye-specific cutoffs 
to determine fiber recruitment. Linear mixed effect models were used 
to determine the association of depth with waviness and micro-scale 
strain. Nonlinear mixed effect models were used to determine the 
associations of waviness to micro-scale strain and recruitment to 
macro-scale stretch.
Results: An average of 18 bundles were tracked on each of 2 
sections per eye. There was no significant relationship between depth 
and waviness (p=0.18) nor depth and micro-scale strain (p=0.43, 
Figure 1). Waviness decreased exponentially with micro-scale strain 
(p<0.001, Figure 2A) while bundle recruitment followed a sigmoidal 
curve with macro-scale stretch (p<0.001, Figure 2B). Waviness 
recruitment cutoffs averaged 3.6°. Within any given section, bundles 
varied in initial waviness (average range 12.3°), with this variability 
decreasing with increasing micro-scale strain (Figure 2A). Bundles 
also experienced variable micro-scale strain before sample failure 
(range 7-63%).
Conclusions: Within the equatorial sclera the micro-scale response 
of collagen bundles to macro-scale stretch was independent of depth. 
This suggests that the equatorial sclera might be a particularly useful 
portion of the eye in which to study scleral collagen mechanics for 
imaging techniques that can only access the more superficial layers.

Fig 1: Bundle waviness and depth at initial and high strain.

Fig 2: Waviness of all bundles from eye 1 (A), and recruitment curves 
for all eyes (B).
Commercial Relationships: Jacob Wallace, None; Ning-
Jiun Jan, None; Alexandra Gogola, None; Michael Iasella, None; 
Kira L. Lathrop, None; Andrew P. Voorhees, None; Huong Tran, 
None; Ian A. Sigal, None
Support: NIH T32-EY017271, NIH R01-EY023966, R01-
EY025011, P30-EY008098, CIHR 1234448, The Eye and Ear 
Foundation (Pittsburgh, PA)
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Removing Glycosaminoglycans Produced a Stiffer Human Optic 
Nerve Head
Dan Midgett1, Harry A. Quigley2, Thao D. Nguyen1. 1Mechanical 
Engineering, Johns Hopkins, Baltimore, MD; 2Opthalmology, Johns 
Hopkins University, Baltimore, MD.
Purpose: The amount of sulfated glycosaminoglycans (sGAGs) in 
the lamina cribrosa has been shown to increase with primary open-
angle glaucoma in monkeys (Fukuchi et al. 1994) and in humans 
with normal pressure glaucoma (Tezel et al. 1999). The amount of 
sGAGs also decreases in humans with age (Albon et al. 2000). This 
experiment studied for the first time the change in the pressure-
induced strains in the ONH caused by the removal of sGAGs.
Methods: Five human eyes from 4 donors (ages 42, 49, 63, 88) were 
tested within 48 hours post-mortem. The optic nerve was cut flush 
with the sclera to expose the LC, and the cornea, anterior sclera, 
choroid, and retina were removed. The posterior sclera was incubated 
at 37°C for 4 hours in a Trizma buffer and mounted on an inflation 
chamber. The pressure was raised to 5, 10, and 45 mmHg and the 
specimen was equilibrated for 30 minutes at each pressure before 
imaging. A Zeiss LSM 710, tuned to 780nm, was used to acquire 
Z-stacks of the LC at each pressure using second harmonic generation 
(SHG). The specimen was removed from the inflation chamber, 
incubated at 37°C for 4 hours in a Trizma solution containing 
chondroitinase ABC (ChABC), remounted, and subjected to the same 
pressurization and imaging protocol. A digital volume correlation 
algorithm (Midgett et al. 2016) was used to analyze the SHG volumes 
to calculate the 3D displacement fields between pressures. ONH 
strains were calculated from high order polynomial functions fit to 
the 3D displacement fields. Strains in the nasal-temporal (NT) and 
inferior-superior (IS) directions and maximum principal strain were 
averaged and compared before and after sGAG degradation using a 
paired t-test (n=5).
Results: Displacements and strains in the ONH were smaller after 4 
hours of sGAG degradation using ChABC. The strain at 45 mmHg 
decreased significantly along the IS direction (3.08±1.69% to 
2.26±1.30%, p=0.0335). A smaller decrease was measured along the 
NT direction (2.35±0.99% to 1.88±0.78%, p=0.097). The maximum 
principal strain was reduced from 4.54±1.98% to 3.92±1.74% 
(p=0.0212).
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Conclusions: The removal of sGAGs resulted in a stiffer LC 
response to pressure. Changes in the amount of sGAGs associated 
with glaucoma and age may induce significant alterations to the IOP-
induced strains of the LC, which may affect the susceptibility and 
progression of glaucomatous axon damage.

Commercial Relationships: Dan Midgett, None; 
Harry A. Quigley, None; Thao D. Nguyen, None
Support: NSF CAREER Award 1253453, PHS EY021500, PHS 
EY02120, PHS EY01765, Brightfocus Foundation Grant G2015132
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Determining the Efficacy of Crosslinking Stiffening Agents in Rat 
Sclera
Bailey Hannon1, Ian Campbell2, A. T. Read2, Machelle T. Pardue2, 3, 
C R. Ethier2. 1Mechanical Engineering, Georgia Institute of 
Technology, Atlanta, GA; 2Biomedical Engineering, Georgia Institute 
of Technology and Emory University, Atlanta, GA; 3Center for Visual 
and Neurocognitive Rehabilitation, Atlanta VA Medical Center, 
Atlanta, GA.
Purpose: Scleral stiffening has been proposed as a possible 
therapeutic treatment for glaucoma and myopia. Several studies have 
characterized the effects of various biocompatible stiffening agents 
on rabbit, porcine, and human sclerae with uniaxial and inflation 
testing. However, the majority of in vivo studies use rodent models 
of glaucoma and myopia where these agents have not been tested. 
Thus, we have experimentally determined the mechanical effects 
of various stiffening agents (methylglyoxal, MG; glyceraldehyde, 
GC; and genipin, GP) on the posterior rat sclera and identified the 
concentrations necessary to obtain an approximate doubling in scleral 
stiffness, as reported in previous studies.
Methods: 78 eyes were enucleated from male retired breeder (9-12 
months old) Brown Norway rats. Each eye was partially incubated 
overnight (Fig. 1A) in one of the three stiffening agents at various 
concentrations. After incubation, inflation testing with mechanical 
characterization was performed on eyes at three IOPs (5, 15, and 30 
mmHg). Strain throughout the posterior sclera was determined using 
digital image correlation and the strain in each region (control or 
experimental, Fig. 1B) was used to calculate relative stiffness.
Results: Dose-dependent stiffening effects were observed for all 
agents (Fig. 2A-C) and relative stiffness ranged from 12% for MG 

to 1.3x103% for GP. Concentrations of each agent resulting in nearly 
doubled scleral stiffness were 7 mM for MG, 30 mM for GC, and 1 
mM for GP (Fig. 2D).
Conclusions: We have determined the efficacy of stiffening 
the posterior rat sclera using three different stiffening agents: 
MG, GC, and GP. Additionally, we have identified the optimal 
concentrations of each agent to increase stiffness from natural levels 
by approximately 100%. These data provide a foundation for further 
study on scleral stiffening’s possible therapeutic effects in glaucoma 
and myopia.

Fig. 1: (A) Overnight partial incubation method. Control region was 
misted with PBS to prevent drying. (B) Posterior sclera with control 
and experimental regions outlined.
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Fig. 2: Dose-response curves at 15 mmHg for MG (A), GC (B), and 
GP (C), and their concentrations that produced approximately 100% 
relative stiffening (dashed line; D). Data shown as mean ± SD.

Commercial Relationships: Bailey Hannon, None; Ian Campbell, 
None; A. T. Read, None; Machelle T. Pardue, None; C R. Ethier, 
None
Support: GRA, NIH R01 EY025286
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Optical Birefringence Correlates with Tensile Properties of 
Human Sclera
Joseph Park, Andrew Shin, Joseph L. Demer. Jule Stein Eye Institute, 
University of California - Los Angeles, Los Angeles, CA.
Purpose: Past research has shown glaucomatous eyes have abnormal 
mechanical properties, but those demonstrations generally entail 
destructive ex vivo testing. Hence, we propose that birefringence, an 
optical property of anisotropic material, may provide a non-invasive 
in vivo indicator of stress in collagen that is found in many biological 
tissues. Polarization sensitive optical coherence tomography 
(PSOCT) is an interferometric imaging technique that sensitive to 
birefringence. Since mechanical loading alters the orientation and 
geometry of collagen fibrils, we sought to determine if birefringence 
changes can be used as a noninvasive optical method to infer local 
mechanical properties of ocular connective tissues.
Methods: A linear motorized uniaxial tensile loading cell was 
employed to measure the change of the mechanical stress and strain 
of the specimens during simultaneous infrared (1300 nm) PSOCT 
imaging (Thorlabs 1300). Fresh scleral specimens were prepared 
from rabbits, cows, and 8 pairs of human eyebank eyes. Specimens 
were obtained from 3 sites: Region 1 near the limbus, Region 2 at the 
equator, region 3 near the optic nerve head. Specimens were stretched 
to the failure at constant rate of 0.01mm/s while cross-sectional 
PSOCT images were concurrently taken every 117ms. Birefringence 
was calculated for each frame using MATLAB (Mathworks, Natick, 
MA). Birefringence modulus (BM) was defined as the slope of 
birefringence change with strain, and tangent modulus (TM) as the 
slope of stress change between 0 to 9% strain.
Results: : BM and TM in all 3 human scleral regions were positively 
correlated with slopes of 0.47±0.12, 0.52±0.11 and 0.61±0.11, 
respectively. Pearson r values (p value) were 0.512 (<0.001), 0.576 
(<0.001), and 0.694 (<0.001) for each region. Additionally, mean BM 
was proportional to TM as both decreased progressively from region 
1 to 3. In bovine and rabbit sclera, correlation slopes were 0.34 and 
0.19, with Pearson r values (p value) 0.630 (0.038) and 0.635 (0.027), 
respectively.
Conclusions: Birefringence and tensile elastic moduli of sclera 
in humans and lower mammals are positively correlated, but the 
correlations differ for various scleral regions. These results suggest 
that it may be possible to mechanically characterize the sclera in vivo 
using PSOCT.
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Effects of myopia and glaucoma in anterior lamina cribrosa and 
prelaminar scleral canal structure
Sieun Lee1, Morgan L. Heisler1, Winsey Chui1, Marinko V. Sarunic1, 
Paul J. Mackenzie2, Mirza F. Beg1. 1School of Engineering Science, 
Simon Fraser University, Vancouver, BC, Canada; 2Department of 
Ophthalmology & Visual Sciences, University of British Columbia, 
Vancouver, BC, Canada.
Purpose: Structural changes in the lamina cribrosa (LC) region are 
central in the biomechanical paradigm of glaucoma. The purpose 
of this study is to examine the structural characteristics in in-vivo 
anterior LC and prelaminar scleral canal in connection with age, axial 
length, and glaucoma severity in myopic normal and glaucomatous 
subjects, and to study the interplay of the two conditions changing the 
optic nerve head structure.

Methods: 38 myopic normal eyes and 65 myopic glaucomatous eyes 
were imaged using a 1060nm custom swept-source optical coherence 
tomography (SS-OCT) system. Bruch’s membrane opening (BMO), 
anterior lamina insertion points (ALIP), and anterior LC surface 
(ALCS) were segmented. Expansion, elongation, and skew of the 
prelaminar scleral canal were characterized by the area, eccentricity, 
and planarity of BMO and ALIP, and relative distances. ALCS depth 
and relative planarity were measured. Multiple regression analysis 
was performed to assess the effect of age, axial length (AL) and 
visual field loss quantified by mean deviation (MD) on the shape 
parameters.
Results: In the normal myopic eyes, increased AL was associated 
with larger BMO (p = .0003) and ALIP areas (p = 0.014), and longer 
(p = .0001) more skewed (p = .0008) canal. Increased AL was also 
associated with less axial bowing of ALCS (p = .0016), likely due 
to the canal expansion and the LC being pulled taut. This was also 
consistent with the posterior bowing of BMO negatively correlated 
with AL (p = .018).
In the glaucomatous myopic eyes, increased AL was similarly 
associated with larger BMO (p = .0027) and ALIP areas (p = .011) 
and canal skew (p = .025), along with reduced ALCS bowing (p= 
.011). However, severity of glaucoma (increased MD magnitude) was 
associated with increased posterior bowing of BMO (p= .004) and 
ALCS (p = .013).
Conclusions: Increased AL due to myopia is associated with 
expanded, elongated, and skewed prelaminar scleral canal. The 
negative relationship between axial bowing of the ALCS and AL 
supports the hypothesis that lateral “trampolining” forces may 
contribute to the anterior position of the lamina in normal and 
glaucomatous myopes, with posteriorization of ALCS position 
with increasing severity of glaucoma. This complex and increased 
stress on anterior LC may be involved in the increased glaucoma 
susceptibility of high myopes. Measure of LC bowing in glaucoma is 
confounded by myopia.
Commercial Relationships: Sieun Lee, None; Morgan L. Heisler, 
None; Winsey Chui, None; Marinko V. Sarunic, None; 
Paul J. Mackenzie, None; Mirza F. Beg, None
Support: Michael Smith Foundation for Health Research, Canadian 
Insitutes for Health Research, Natural Sciences and Engineering 
Research Council of Canada, Brain Canada, Pacific Alzheimer 
Research Foundation
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Correlations between axial length and deep optic nerve head 
structures in myopic eyes with and without open angle glaucoma
Jong Chul Han. Sungkyunkwan University, Samsung Medical 
Center, Seoul, Korea (the Republic of).
Purpose: To investigate the relationship 1) between axial length and 
the deep optic nerve head (ONH) structures 2) between open angle 
glaucoma (OAG) and deep ONH structures.
Methods: Candidates for this study were patients with myopic 
eyes with < -0.5 diopter with and without glaucomatous damage 
who visited Samsung Medical Center (Seoul, South Korea) 
between January 2015 and March 2016. We used OCT (Heidelberg 
Engineering, Heidelberg, Germany) to measure the deep ONH 
structures related to axial elongation. The deep ONH structures 
showed the following changes with axial elongation: 1) larger 
externally oblique border tissue (EOBT) length, 2) greater Bruch’s 
membrane opening (BMO) diameter, 3) greater optic nerve head 
(ONH) tilt angle, 4) greater optic canal obliqueness, 5) larger beta 
zone peripapillary atrophy (PPA). We intended to investigate the 
relationship between axial elongation and the parameters. In addition, 
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the extent and the location of the parameters were compared between 
myopic eyes with and without OAG.
Results: Axial elongation was correlated to EOBT length, BMO 
diameter, ONH tilt angle, optic canal obliqueness and beta zone 
PPA (P < 0.001, P < 0.001, P = 0.003, P < 0.001, P < 0.001). The 
correlations among the parameters were significant (P< 0.001 in 
all correlations). When logistic regression analysis was performed 
to evaluate the factors associated with the presence of glaucoma, 
temporally angular location of maximal EOBT length, maximal BMO 
diameter, ONH tilt angle and maximal optic canal obliqueness were 
significant (P = 0.008; P=0.022; P = 0.015; P=0.031). When only 
glaucoma patients were analyzed to compare the direction of retinal 
nerve fiber layer (RNFL) defect and each parameter, the location of 
maximal EOBT, ONH tilt angle, maximal optic canal obliqueness and 
PPA were significant (P<0.001; P<0.001; P<0.001; P=0.003).
Conclusions: The present study demonstrated that the parameters 
of the deep ONH structures are associated with axial elongation. In 
addition, the parameters seem to be associated with the presence and 
the location of glaucomatous defect in OAG.
Commercial Relationships: Jong Chul Han, None
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Relative contributions of intracranial pressure and intraocular 
pressure in lamina cribrosa behavior
Junfei Tong1, Deepta Ghate2, Sachin Kedar3, 2, Linxia Gu1. 
1Mechanical and Materials Engineering, University of Nebraska-
Lincoln, Lincoln, NE; 2Stanley Truhlsen Eye Institute, University 
of Nebraska Medical Center, Omaha, NE; 3Neurological Sciences, 
University of Nebraska Medical Center, Omaha, NE.
Purpose: The pathogenesis of optic nerve head (ONH) damage 
has been associated with translaminar pressure gradient which is 
the difference between intraocular pressure (IOP) and intracranial 
pressure (ICP) across the lamina cribrosa (LC). While the role of 
IOP on ONH mechanics has been well studied, the quantitative 
contribution of ICP remains unclear. The goal of this work is to 
characterize the relative contribution of IOP and ICP on the LC 
behavior, specifically, LC strain and LC displacement.
Methods: An axially symmetric FE model of the ONH (Figure 
1) was constructed with geometric dimensions obtained from 
literature (Sigal et al. 2004), except the addition of the retro-orbital 
subarachnoid space ensheathed by pia and dura mater as well as an 
elongated optic nerve. The pressure loading includes central retinal 
artery pressure at 55 mmHg, ICP ranging from 5 to 15 mmHg and 
IOP ranging from 10 to 21 mmHg. A parametrical study was then 
carried out to quantify the peak strain and LC displacement, where 
the 95th percentile of the maximum principle strain in LC was 
defined as the peak strain. A linear regression analysis was conducted 
to predict the peak strain and LC displacement based on the changes 
in both ICP and IOP.
Results: Both decreased ICP and increased IOP led to larger strain 
and displacement of LC as shown in Fig.2. The regression correlation 
coefficients for LC peak strain are -0.0288 for ICP and 0.114 for IOP, 
the coefficient ratio between IOP and ICP is -3.96. The regression 
correlation coefficients for LC displacement are -1.247 for ICP and 
1.756 for IOP, the coefficient ratio between IOP and ICP is -1.4.
Conclusions: IOP and ICP have opposing influence on LC strain 
and displacement. IOP changes have a larger impact on peak strain 
and LC displacement as compared to ICP changes. Specifically, the 
contribution of IOP to peak strain is approximately 4 times as that of 
ICP; the contribution of IOP to LC displacement is 1.4 times as that 
of ICP.

Figure 1a: ONH geometry Full view; 1b: ONH geometry zoom-in 
view.

Figure 2a: Probability distribution of maximum principal strain in 
LC; 2b: LC anterior surface displacement
Commercial Relationships: Junfei Tong, None; Deepta Ghate, 
None; Sachin Kedar, None; Linxia Gu, None
Support: Department of Neurological Sciences, Fremont Area 
Alzheimer ’s Committee, Research to Prevent Blindness, Nebraska 
Research Initiative
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Quantitative measures of alteration in the astrocytic lamina of 
mouse optic nerve head with experimental glaucoma
Yik Tung Tracy Ling1, Cathy Nguyen2, Elizabeth Cone-Kimball2,  
Mary Ellen Pease2, Harry A. Quigley2, Thao D. Nguyen1.  
1Mechanical Engineering, Johns Hopkins University, Baltimore, 
MD; 2Wilmer Ophthalmological Institute, School of Medicine, Johns 
Hopkins University, Baltimore, MD.
Purpose: To characterize the structure of the astrocytic lamina in the 
mouse optic nerve head and analyze its detailed changes after chronic 
intraocular pressure (IOP) elevation.
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Methods: Mouse eyes were studied as ex vivo explants from 4-6 
months old GFP-glutamate transporter-GLT1 mice whose astrocytes 
are spontaneously fluorescent; 3 eyes had 6 weeks of IOP elevation 
after microsphere injection into the anterior chamber, and 3 were 
controls. Explants were mounted in an inflation chamber and the 
astrocytic lamina of the optic nerve head was imaged by a Zeiss 
710 laser scanning microscope using two-photon fluorescence at a 
standard IOP of 10mmHg, fixed by cannulation (Figure). A modified 
Filter algorithm (Campbell et al. 2015) was used to enhance the 
image contrast of the astrocytic cell processes. The filtered images 
were processed with morphological algorithms (D’Amore et al. 2010) 
to extract structural features of the lamina including: average width 
of astrocytic processes, areal density of the cell processes and cell 
bodies, and orientation of the processes. Outcomes for glaucoma eyes 
and controls were compared with t-tests.
Results: Both the areal density of processes and of cell bodies were 
statistically smaller in glaucoma eyes (Table). The average width of 
astrocyte cell processes for glaucoma eyes was smaller than those 
of normal eyes (2.72 ± 0.23 μm, 2.53 ±0.04 μm, p=0.33, Table), 
though it was not significant. Analysis of the orientation distribution 
of the astrocytic processes over the entire lamina showed an isotropic 
distribution, with no preferential alignment for both glaucoma and 
control eyes.
Conclusions: Changes in the astrocytic structure within the optic 
nerve head in experimental glaucoma indicate structural alterations 
that may be contributory in injury to retinal ganglion cell axons. The 
methods developed can provide detailed analysis of biomechanical 
alterations during inflation testing in the ex vivo model.

Commercial Relationships: Yik Tung Tracy Ling, None; 
Cathy Nguyen, None; Elizabeth Cone-Kimball, None; Mary 
Ellen Pease, None; Harry A. Quigley, None; Thao D. Nguyen, 
None
Support: NIH Grant EY01765 and NIH Grant EY02120
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Decellularization of the porcine lamina cribosa
Kelsey Sadlek, Catalina Ardila, Jonathan P. Vande Geest. University 
of Pittsburgh, Pittsburgh, PA.
Purpose: The current literature in primary-open-angle-glaucoma 
(POAG) has shown damaged retina ganglion cell axons at the level 
of the lamina cribosa (LC) in the optic nerve head. LC cells and 
astrocytes play a major role in the remodeling of the LC ECM and 
the release of growth factors and other cellular signals that can affect 
how axons respond to changes in intraocular pressure (IOP). The 
aim of this study is to develop a technique to decellularize a porcine 
lamina cribosa to use as a biological scaffold to study changes in LC 
cells and astrocytes under varying IOP.
Methods: Twenty-four pig eyes were obtained from Thoma’s meat 
market (Saxonburg, PA) 4-5h post mortem. The eyes were dissected 
and the posterior poles including the LC and peripapillary sclera were 
decellularized using four different treatments. Treatment one included 
dry and wet freeze-thaw cycles, followed by immersion in hypotonic 
buffer (HB) and incubation with SDS and MgCl2. Treatment two 
used an incubation in HB and 3% Triton x-1000. In treatment 
three, incubations in HB and 0.5% Trypsin containing 0.2% EDTA 
were performed. Treatment four included sequential incubations 
in HB, 0.5% Trypsin containing 0.2% EDTA, 3% Triton x-1000, 
4% deoxycholic acid, and 3% H2O2 solution. All of the treatments 
involved at least one incubation in 10KIU/ml aprotinin and 0.2 μg/
mL deoxyriribonuclease I. DNA and cell content was studied using 
Qubit Fluorometric Quantitation (ThermoFisher) and histology 
(H&E and Masson’s trichrome (MTC) stains) respectively (n=3). 
Untreated pig eyes were the control. An one-way ANOVA was used 
for statistical analysis and p≤0.05 was considered significant.
Results: DNA content was significantly decreased in treatments one 
(1.74 ± 0.8 ng/μl) and four (0.59 ± 0.4 ng/μl) compared to the control 
(25.33 ± 8.7 ng/μl). By a qualitative histological analysis (Fig 1), it 
is possible to observe a reduction in the cell number in samples from 
treatment 1 and 4, nevertheless the collagen and axonal structures are 
more preserved in treatment 1.
Conclusions: Using decellularization treatment one, it is possible 
to obtain a LC biological scaffold that allows for better analysis 
of biological changes of cells seeded on it in response to increases 
in IOP. Since changes in the LC ECM are important modulators 
of glaucoma, in future work we will measure the biomechanical 
properties of the decellularized scaffolds.

Fig 1. Histological sections of the treated eyes.
Commercial Relationships: Kelsey Sadlek; Catalina Ardila, None; 
Jonathan P. Vande Geest, None
Support: NIH Grant 1RO1 EY020890-02A1 (JPVG)
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Predictions of Optic Nerve Traction Forces and Optic Nerve 
Head Tissue Stresses Following Horizontal Eye Movements
Michael J. Girard1, 2, Liam K. Fisher1, Dan Milea2, Jost B. Jonas3, 
Xiaofei Wang1. 1OEIL, Biomedical Engineering, National University 
of Singapore, Singapore, Singapore; 2Singapore Eye Research 
Institute, Singapore, Singapore; 3Ophthalmology, Medical Faculty 
Mannheim, Mannheim, Germany.
Purpose: To use finite element (FE) analysis to predict: (1) the 
optic nerve traction forces that act on the optic nerve head (ONH) 
following horizontal eye movements; and (2) the resulting stress 
levels in the peripapillary connective tissues of the ONH (Bruch’s 
membrane [BM] and scleral flange).
Methods: A FE model of a healthy eye was reconstructed in primary 
gaze position that included details from the orbital tissues (visualized 
with magnetic resonance imaging) and from the ONH tissues (using 
measurements from the literature). Optic nerve traction forces and 
peripapillary tissue stresses in both adduction and abduction (13°) 
were computed using nonlinear FE analysis. The peripapillary tissue 
stresses were also compared with those resulting from an intraocular 
pressure (IOP) of 50 mmHg (simulated in primary gaze position).
Results: Our models predicted that, following horizontal eye 
movements, the ONH was sheared in the transverse plane due to 
the pulling action of the optic nerve. The estimated optic nerve 
traction forces were 90 mN in abduction and 150 mN in adduction. 
Peripapillary tissue stresses were typically concentrated in the nasal 
and temporal quadrants and were at most 2.3x higher than those 
induced by an IOP of 50 mmHg. In adduction, scleral stresses were 
highest in the temporal region, while BM stresses were highest in the 
nasal region. This trend was reversed in abduction.
Conclusions: Following horizontal eye movements, our models 
predicted high optic nerve traction forces that were of the same order 
of magnitude as extraocular muscle forces. Optic nerve traction 
resulted in large peripapillary tissue stresses (concentrated in the 
nasal and temporal quadrants), and thus may have a role to play in the 
development and progression of peripapillary atrophy and glaucoma.
Commercial Relationships: Michael J. Girard, None; 
Liam K. Fisher; Dan Milea, None; Jost B. Jonas, None; 
Xiaofei Wang, None
Support: NUS Young Investigator Award (MJAG), R-397-000-174-
133
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Cerebrospinal Fluid Pressure (CSFP) and the Constraints on the 
Optic Nerve at the Orbit Exit (CON) Can Influence Optic Nerve 
Head (ONH) Biomechanics
Yi Hua1, Andrew P. Voorhees1, Jonathan L. Grimm1, Bin Yang1, 
Joel S. Schuman3, Ian A. Sigal1, 2. 1Department of Ophthalmology, 
University of Pittsburgh, Pittsburgh, PA; 2Department of 
Bioengineering, University of Pittsburgh, Pittsburgh, PA; 3NYU 
Langone Eye Center, NYU School of Medicine, New York, NY.
Purpose: To determine the role of CSFP and the CON in ONH 
biomechanics.
Methods: We extended our previous numerical model of the ONH 
(IOVS. 2005; 46: 4189-4199) to include more detailed anatomy (Fig. 
1). The model was parameterized on 28 factors representing tissue 
geometry, material properties, pressures (CSFP, IOP and central 
retinal artery blood pressure [BP]) and the CON (free or fully fixed). 
8,350 unique models were generated to examine factor influences 
in two steps: a fractional factorial design of experiments (DOE) 
to identify the ten most influential factors, followed by a response 

surface methodology (RSM) to determine factor effects precisely. 
Standard DOE and RSM techniques were used to determine the 
contributions of the factors and their interactions to the variances of 
94 response measures.
Results: CSFP was the sixth most influential factor (Fig. 2a). 
Particularly strong were its contributions to the variations in the 
lamina cribrosa (LC) stretch and the peripapillary sclera (PPS) 
rotation. In fact, CSFP influence on PPS rotation was more than twice 
that of IOP. The effects of CSFP elevation were distinct from those 
of IOP (Fig. 2b). The CON had a large effect on the ONH response. 
Its influence on the LC displacement was 15 times more than that of 
IOP. The displacement and rotation of the PPS, as well as the rotation 
of the canal wall were also more sensitive to the CON than IOP. BP 
influence on the responses was 633 smaller than that of IOP.
Conclusions: CSFP is an important factor in ONH biomechanics, 
with a stronger influence than the scleral thickness and the lamina 
radius. CSFP and IOP affect different aspects of ONH biomechanics, 
suggesting that translaminar pressure difference (IOP-CSFP) may 
be insufficient to predict glaucomatous optic nerve damage. The 
CON may drastically affect the geometric responses of the ONH and 
should be considered when conducting ex-vivo inflation testing.

Fig. 1 ONH model.
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Fig. 2 (a) Strength of factor influences on a set of representative 
responses. Factor interactions were calculated, but are not shown. (b) 
Contour plots of computed distributions of maximum tissue stretch in 
the ONH for one example model. CSFP primarily acted on the post-
laminar tissues while IOP acted on the lamina and pre-laminar tissue. 
IOP and CSFP did not balance out.
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Menopause alters Ocular Biomechanics and Increases Visual 
Impairment in a Rat Model of Glaucoma
Jieming Fu1, Rachael S. Allen2, Ian Campbell3, 2, Joseph Sherwood4, 
Victoria Yang2, Amy Ottensmeyer5, Raza Haider2, C R. Ethier3, 
Machelle T. Pardue2, 3, Andrew Feola3. 1Chemistry, Emory University, 
Atlanta, GA; 2Atlanta VA Medical Center, Atlanta, GA; 3Biomedical 
Engineering, Georgia Institute of Technology, Atlanta, GA; 4Imperial 
College London, London, United Kingdom; 5School of Medicine, 
Emory University, Atlanta, GA.
Purpose: Recent studies suggest that menopause or estrogen receptor 
mutations modulate the risk for glaucoma. Ocular biomechanical 
properties influence mechanical loads at the optic nerve head and 
may contribute to loss of retinal ganglion cells (RGC). Estrogen is 
known to alter biomechanical properties in other tissues; therefore, 
we hypothesize that an estrogen deficiency contributes to the 
etiology of glaucoma by altering ocular tissue biomechanics. Here, 
we examined the impact of menopause on ocular compliance in 
rats, a measure of corneoscleral biomechanical properties. We then 
assessed the effect of menopause on visual function in the established 
Morrison ocular hypertension (OHT) model.

Methods: Female Brown-Norway rats (3-4 months) were randomly 
assigned to pre- or post-menopausal groups. Menopause was induced 
surgically by ovariectomy (OVX). We measured ocular compliance 
in non-OVX (n=8) and OVX (n=11) rats using the iPerfusion 
system. In separate cohorts of non-OVX (n=6-8) and OVX (n=8-9) 
rats we induced OHT unilaterally via injection of hypertonic saline 
to the episcleral venous plexus. OHT was confirmed by biweekly 
intraocular pressure measurements (Tonolab, Icare). We assessed 
spatial frequency and contrast sensitivity by optokinetic tracking, 
and RGC function by pattern electroretinogram. Visual function was 
assessed longitudinally: at baseline (pre-OHT), 4, and 8 weeks post-
OHT. Ocular compliance data was analyzed using a Mann-Whitney 
test, while visual function data was analyzed by ANOVA to assess the 
impact of OHT, OVX, and time.
Results: Ocular compliance was 11% higher in post-menopausal vs. 
pre-menopausal rats (p=0.0099, Figure). Spatial frequency thresholds 
decreased due to OVX (p=0.008), OHT (p<0.001), and over time 
in OHT eyes (p<0.001, Figure). Contrast sensitivity showed similar 
decline due to OHT (p<0.001) and over time (p<0.001). RGC 
function showed a significant decline due to OVX (p=0.035), OHT 
(p=0.021) and over time (p=0.016).
Conclusions: Supporting our hypothesis, estrogen deficiency altered 
ocular biomechanical properties (increased ocular compliance) and 
was associated with poorer visual outcomes in OHT (lower spatial 
frequency and RGC function). In the future, we will explore estrogen 
as a neuroprotective intervention in this experimental rat model of 
glaucoma.

The impact of menopause (OVX) on ocular compliance (left) and 
visual acuity (right) after OHT in rats.
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