
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.

440 Corneal Biomechanics
Wednesday, May 10, 2017 11:00 AM–12:45 PM
Exhibit/Poster Hall  Poster Session
Program #/Board # Range: 4311–4353/A0112–A0154
Organizing Section: Cornea

Program Number: 4311 Poster Board Number: A0112
Presentation Time: 11:00 AM–12:45 PM
Using Brillouin microscopy to quantify changes in accelerated 
corneal collagen-crosslinking
Joshua N. Webb, Giuliano Scarcelli. Bioengineering, University of 
Maryland, College Park, MD.
Purpose: Corneal collagen crosslinking (CXL) is an accepted 
method to stop the progression of keratoconus and corneal ectasia. 
Recently, much effort has been put into developing CXL protocols 
that can reduce the time of the procedure without compromising the 
stiffening efficiency. Here, we use Brillouin microscopy to quantify 
corneal mechanical changes induced by CXL procedures of different 
irradiation time and power.
Methods: Porcine cornea samples were exposed to a clinically-
accepted 5.4 J/cm2 of UV-A illumination with varying time and 
power. Depth-sectional Brillouin maps were obtained so that the 
longitudinal modulus could be computed for the whole sample as 
well as for different depth sections of the cornea. For validation, 
using a compressive stress-strain test, the Young’s Modulus was 
found and compared for each irradiation condition.
Results: The standard 3 mW/cm2 irradiance sample showed 
significantly larger increases in corneal stiffness compared to the 
9, 34, and 50 mW/cm2 (P < 0.05). Within the cornea, the anterior 
and central sections of the 34 and 50 mW/cm2 conditions showed 
a decreased stiffening efficiency when compared to the standard 3 
mW/cm2 sample. In the posterior cornea, all conditions produced 
significantly less stiffening than the standard protocol (P < 0.05). For 
all samples, the change in Brillouin-derived modulus correlated to the 
increase in Young’s Modulus (R2 = 0.99).
Conclusions: Brillouin technology confirmed that, at constant 
illumination energy, higher UV-A light power over a shorter period 
of time results in suboptimal corneal stiffening. Beyond previous 
mechanical tests, Brillouin analysis revealed that the suboptimal 
stiffening effect is particularly prominent in deeper sections of the 
cornea.
Commercial Relationships: Joshua N. Webb, None; 
Giuliano Scarcelli, Massachusetts General Hospital (P)

Program Number: 4312 Poster Board Number: A0113
Presentation Time: 11:00 AM–12:45 PM
A simple mathematical model for the collagen architecture of 
normal and keratoconic human corneas
Peter M. Pinsky1, Yanhui Ma2, Yunjae Hwang1, Sally Hayes2, 
Keith M. Meek2. 1Mechanical Engineering, Stanford University, 
Stanford, CA; 2School of Optometry & Vision Sciences, Cardiff 
University, Cardiff, United Kingdom.
Purpose: Wide-angle X-ray scattering patterns, collected at discrete 
points across the cornea, provide information about the collagen 
fibril angular orientation probability at those points. A mathematical 
modeling approach is proposed that converts the X-ray data into a 
continuous function over the cornea. The function is easy to evaluate 
and directly characterizes fibril orientation everywhere over the 
cornea. This representation of the X-ray data is important for finite 
element analysis of the cornea and valuable for analyzing and 
comparing fibril organization in normal and keratoconic corneas.
Methods: The modeling approach uses two fitting steps, both based 
on least squares. First, the scattering data at each collection point is 

projected onto a set of special Fourier-type basis functions, allowing 
the data to be represented with only five coefficients. The coefficients 
at each collection point are then projected into continuous functions 
on a circular disk using Zernike polynomials. The functions are 
finally combined to give the fibril angular probability function. To 
prevent overfitting and maximize interpolation accuracy, 10-fold 
cross-validation was used to establish the optimal radial order of 
the Zernike expansion. The collagen architecture of an entire cornea 
is reduced to 5×Nz coefficients, where Nz is the number of Zernike 
coefficients.
Results: Four normal and four severe keratoconus corneas were 
analyzed. The 10-fold cross-validation studies determined that 
Zernike radial order should be limited to 10 and 15 for normal and 
keratoconic corneas, respectively. The first (Fourier) fitting for 
normal and keratoconic corneas was able to reproduce scattering 
intensity at all points and for all corneas with high precision. The 
second (Zernike) fitting was assessed by comparing the model 
prediction and X-ray data for total and aligned collagen mass. In all 
cases, the agreement was good.
Conclusions: Completed tests confirm that the approach can 
accurately describe collagen organization in normal and keratoconic 
corneas. Preferred fibril directions can be precisely defined 
everywhere on the cornea, including keratoconic corneas which 
display great irregularity. The model is suitable for use with 
finite element analysis and provides the true anisotropic collagen 
organization. Comparative biomechanical finite element analysis of 
specific fibril architectures is currently underway.
Commercial Relationships: Peter M. Pinsky, None; Yanhui Ma, 
None; Yunjae Hwang, None; Sally Hayes, None; Keith M. Meek, 
None

Program Number: 4313 Poster Board Number: A0114
Presentation Time: 11:00 AM–12:45 PM
Assessment of biomechanical properties using Scheimpflug 
imaging in keratoconus patients
Naim Terai, Robert Herber, Lisa Ramm, Eberhard Spoerl, 
Lutz E. Pillunat. Ophthalmology, Univ. Hospital Carl Gustav Carus, 
TU Dresden, Dresden, Germany.
Purpose: Corneal Visualization Scheimpflug technology (CorVis 
ST) should allow non-contact measurement of corneal biomechanical 
parameters. The aim of the present study was to investigate new 
corneal deformation response parameters in keratoconic eyes using 
CorVis and to compare these data to healthy subjects.
Methods: Ninety-two keratoconic eyes were examined using corneal 
visualization Scheimpflug technology (Corvis ST). Biomechanical 
parameters were compared to a normative data base of Corvis ST. 
Biomechanical corrected IOP (bIOP), Stiffness parameter (SP-A1), 
Ratio of deformation amplitude (DARatio-2mm; DA-Ratio-1mm), 
Ambrosio related thickness (Arth), Integrated radius (IntR) and 
Corneal biomechanical index (CBI) were measured. Statistical 
analysis with unpaired t-test was performed (SPSS 23.0).
Results: Ninety-two keratoconic eyes were included. Mean age of 
all patients was 37.8 years (range: 21 - 65 yrs). Following parameters 
were measured: Mean DA Ratio-2mm was 5.7 ± 1.8. Mean DA 
Ratio Max-1mm was 1.7 ± 0.1. Arth was 297.9 ± 188.3. IntR was 
11.6 ± 3.1 and SP A1 was 82.4 ± 25.0. These five parameters were 
statistically significantly different from healthy corneas (p < 0.0001). 
All other parameters (blOP, CBI) did not show a statistical significant 
difference.
Conclusions: The new corneal deformation parameters by the 
Corvis ST provide useful information for the study of ocular 
biomechanics in keratoconus patients. Most of the analyzed new 
ocular biomechanical parameters were significantly different between 
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keratoconic and normal eyes. Further research is needed to develop 
more comprehensive clinical applications with these new ocular 
biomechanical parameters.
Commercial Relationships: Naim Terai; Robert Herber, None; 
Lisa Ramm, None; Eberhard Spoerl, None; Lutz E. Pillunat, None

Program Number: 4314 Poster Board Number: A0115
Presentation Time: 11:00 AM–12:45 PM
Corneal thinning during UVA-riboflavin cross-linking procedures 
and the effect of dextran concentration in the riboflavin solution
(Sofia) Xin Tan, Daniel H. hammer, Anant Agrawal, Ilko Ilev. DBP/
OSEL/CDRH, U.S. Food and Drug Adminstration, Silver Spring, 
MD.
Purpose: Safe protocols for corneal cross-linking (CXL) require 
corneal thickness of at least 400 μm for protection of corneal 
endothelium, lens, and retina. Corneal thinning during the CXL 
procedures poses severe risks of intraocular damage especially for 
patients with thin corneas and therefore is a safety concern for the 
CXL treatment platforms. The riboflavin formulation adds another 
dimension of complexity for corneal thinning, and exploratory 
approaches have been undertaken to reduce the standard dextran 
concentration or replace it with other polymers. In this study with 
ex-vivo bovine eyes, we monitored corneal thinning and the effect of 
varying dextran concentrations on corneal thinning during the CXL 
procedures with deep-scan optical coherence tomography (OCT).
Methods: CXL experiments were performed on enucleated bovine 
eye globes from a local slaughter house using a 365-nm UVA-LED 
irradiation system based on the standard protocol (30-min riboflavin 
instillation followed by 30-min UVA light exposure at 3mW/cm2) and 
also with varying dextran concentrations (20%, 15% and 10%) in the 
riboflavin solution. Corneal thickness was monitored before and after 
the application of riboflavin-dextran solution and again after UVA 
light exposure using a 1070-nm OCT imaging system.
Results: The de-epithelized bovine corneas underwent a dramatic 
decrease in corneal thickness after the application of riboflavin-
dextran solution and further decrease after UVA illumination. For 
the standard 20% dextran riboflavin solution, the corneal thickness 
decreased ~20-25% after riboflavin instillation and further decreased 
~7-10% after UVA exposure. For 15% dextran riboflavin solution, 
the decrease in corneal thickness ranged ~15-20% after riboflavin 
instillation and further ~3-5% after UVA exposure; and for 10% 
dextran riboflavin solution the corneal thickness decreased ~10-15% 
and further ~3-5% respectively.
Conclusions: It is important to carefully monitor the changes in 
corneal thickness during the CXL treatment especially after the 
application of riboflavin-dextran solution when the decrease is 
largest. CXL treatment parameters and riboflavin formulation need to 
be fine-tuned to reduce corneal thinning so as to avoid delivering an 
endothelial cytotoxic dose especially for patients with thin corneas.

UVA-LED for Corneal Cross-linking and OCT Imaging to Monitor 
Changes in Corneal Thickness
Commercial Relationships: (Sofia) Xin Tan, None; 
Daniel H. hammer, None; Anant Agrawal, None; Ilko Ilev, None

Program Number: 4315 Poster Board Number: A0116
Presentation Time: 11:00 AM–12:45 PM
Biomechanical properties after corneal crosslinking using 
riboflavin in dextran solution or in hydroxy propyl methyl 
cellulose
Isaak Fischinger, Theo G. Seiler, Beatrice E. Frueh, Matthias Miller. 
Ophthalmology, Inselspital Bern, Bern, Switzerland.
Purpose: To compare corneal stiffening in porcine eyes induced by 
UV-crosslinking using riboflavin solved in 20% dextran solution and 
hydroxy propyl methyl cellulose (HPMC).
Methods: Three groups of seven corneas of freshly enucleated 
porcine eyes were compared regarding their biomechanical 
properties. Crosslinking with an UVA-irradiance of 9mW/cm2 for 10 
minutes was performed on corneas of group one and two using the 
UVX 2000 lamp (IROC Innocross, Zürich, Switzerland). Group one 
was treated with 0.1% riboflavin in 20% dextran solution, group two 
with isotonic solution containing 0.1% riboflavin and 1.0% HPMC 
and group three served as control group. Stress-strain measurements 
were performed on 5mm wide corneal strips at strains up to 12% 
using a material tester (UStrech, Cellscale, Ontario).
Results: The stress needed for a strain of 12% was increased 
significantly in corneas of group one (by 56%) and group two (by 
123%) compared to the control group three (p≤0.01 for both groups). 
Between group one and two there was no significant difference 
regarding the stress-strain measurements (p=0.064), though there 
was a clear tendency showing more stiffening in group one using the 
dextran solutions.
Conclusions: These experiments indicate that the biomechanical 
stiffening of crosslinking using dextran and HPMC is comparable, 
however there seems to be a slightly stronger stiffening effect using 
dextran as a riboflavin carrier which was not statistical significant in 
this small cohort.
Commercial Relationships: Isaak Fischinger, None; 
Theo G. Seiler, None; Beatrice E. Frueh, None; Matthias Miller, 
None
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Evaluation of the progression of keratoconus after the placement 
of INTACS intrastromal segments
Arturo Abascal Espino, Oscar Fernandez. Cornea, Fundación 
Hospital Nuestra Señora de la Luz I.A.P, Ciudad de México, Mexico.
Purpose: Literature has shown through some studies that the 
intracorneal segments are useful as a method to reduce or halt the 
progression of keratoconus. With this information, our paper’s 
main objective was to evaluate keratoconus progression after 
placement of INTACS intrastromal segments. Our hypothesis was 
that the placement of intrastromal segments would delay long-term 
keratoconus’ progression.
Methods: An ambispective, analytical and observational study was 
conducted; we included patients with keratoconus who had INTACS 
or INTACS SK intrastromal segments placed with at least two years 
of follow-ups. The statistical analysis included preoperative and 
postoperative measurements of LogMAR uncorrected visual acuity, 
sphere, cylinder, spherical equivalent and LogMAR best-spectacle 
corrected visual acuity.
Results: Uncorrected visual acuity improved on the first month of the 
follow up (p = 0.002) and it remained stable throughout the next year 
(p = 0.115); the sphere value presented with a significant reduction (p 
= 0.034); there was no significant change over the cylinder’s value (p 
= 0.239); the spherical equivalent significantly decreased its value (p 
= 0.006); finally, the best-spectacle corrected visual acuity increased 
on a year being considered as our time for follow-up (p = 0.047).
Conclusions: Refractive and topographic results during a two year 
follow-up tend to stay stable, however, for the study to be statistically 
significant our case numbers are still limited.
Commercial Relationships: Arturo Abascal Espino, None; 
Oscar Fernandez, None

Program Number: 4317 Poster Board Number: A0118
Presentation Time: 11:00 AM–12:45 PM
A novel inverse finite element approach to analyze corneal 
deformation after SMILE and LASIK
Mathew Francis1, Natasha Pahuja2, RUSHAD SHROFF2, 
Rohit Shetty2, Kavya Devanapalli1, Abhijit Sinha Roy1. 1IBMS Lab, 
Narayana Nethralaya Foundation, Bangalore, India; 2Cornea and 
Refractive, Narayana Nethralaya, Bangalore, India.
Purpose: Current evidence of biomechanical changes after small 
incision lenticule extraction(SMILE) and femtosecond laser-assisted 
in-situ keratomileusis(FS-LASIK) have been inconclusive. This study 
aims to analyze the acute biomechanical changes associated with 
SMILE and FS-LASIK using a novel inverse finite element model(I-
FEM)
Methods: A total of 18 patients were recruited with similar 
bilateral refraction. The patients underwent SMILE in one eye and 
FS-LASIK in the other eye. After detailed clinical examination, 
patients underwent imaging on Pentacam HR and Corvis-ST. 
These measurements were performed before and after surgery(1, 3 
and 6month). The cap/flap depth was set to 110μm. The treatment 
diameter was 7.8mm and 9mm for SMILE and FS-LASIK, 
respectively. Corneal tomography from Pentacam-HR was used to 
construct 3-D corneal model and mesh. The mesh included separate 
zones for the epithelium, cap/flap and stroma. The I-FEM was 
based on fiber dependent hyperelastic tissue model considering 
multilayer corneal structure(Sinha Roy et al, J Mech Behav Biomed 
Mat, 2015). The I-FEM derived the best fit material properties to 
describe the corneal deformation measured by Corvis-ST. Using the 
computed properties, stress strain analogue for each measurement 
was formulated by simulating intraocular pressure(IOP; 0-60mmHg) 

acting on posterior surface of the cornea. The displacement of the 
corneal apex was calculated from stress-strain analogue
Results: Stress-strain analogue of the eyes before and after 
SMILE(Fig a) and LASIK(Fig b) are shown. At an IOP=30mmHg, 
displacement of the corneal apex was noted. In LASIK eyes, the 
displacement increased acutely at 1month followed by continued 
remodeling(-9.3%) up to 3months(Fig c). However, there was slight 
recovery of corneal biomechanical strength up to 6month(+12.8%). 
In SMILE, corneal displacement remained the same at 1 and 
3month indicating biomechanical stability. Up to 6month, there 
was significant recovery such that corneal displacement was 
less(+27.8%). Similar trends were observed at all other IOPs
Conclusions: There was biomechanical weakening both after SMILE 
and LASIK. However, SMILE showed more biomechanical stability 
and improved recovery of biomechanical strength than LASIK. 
Longitudinal changes obtained from stress-strain analogue could be 
partly due to change in the hydration level of the tissue. Further, long 
term data is needed to confirm the findings
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Commercial Relationships: Mathew Francis, None; 
Natasha Pahuja, None; RUSHAD SHROFF, None; Rohit Shetty, 
Carl Zeiss Inc, Germany (F); Kavya Devanapalli, None; 
Abhijit Sinha Roy, SIBAC grant (F), Cleveland Clinic Innovations, 
USA (P), Indo-German Science and Technology center, India (F), 
Carl Zeiss Inc, Germany (F)

Program Number: 4318 Poster Board Number: A0119
Presentation Time: 11:00 AM–12:45 PM
Comparison of biomechanical deformation response after myopic 
LASIK to thin normal corneas
Kristen Ann Mendoza1, Cynthia J. Roberts1, 6, Ashraf M. Mahmoud1, 6, 
Riccardo Vinciguerra7, 8, Paolo Vinciguerra2, 3, Renato Ambrósio4, 5, 
Rebecca Kuennen1, David Castellano1. 1Department of 
Ophthalmology & Visual Science, The Ohio State University Wexner 
Medical Center, Columbus, OH; 2Eye Center, Humanitas Clinical and 
Research Center, Milan, Italy; 3Vincieye Clinic, Milan, Italy; 4Rio de 
Janeiro Corneal Tomography and Biomechanics Study Group, Rio de 
Janiero, Brazil; 5Department of Ophthalmology, Federal University 
of São Paulo, São Paulo, Brazil; 6Department of Biomedical 
Engineering, The Ohio State University, Columbus, OH; 7St. Paul’s 
Eye Unit, Royal Liverpool University Hospital, Liverpool, United 
Kingdom; 8Department of Surgical and Morphological Sciences, 
University of Insubria, Circolo Hospital, Varese, Italy.
Purpose: To test the hypothesis that post-LASIK corneas are 
more biomechanically compliant than normal corneas with similar 
intraocular pressure (IOP), central pachymetry, and age.
Methods: Twenty-seven eyes of 15 subjects who had previously 
undergone LASIK surgery for myopia or myopic astigmatism were 
prospectively recruited for biomechanical analysis using the Corvis 
ST. Subjects were matched to a retrospective dataset of normal 
subjects (NL) using biomechanically corrected intraocular pressure 
(bIOP), pachymetry, and age. Corvis dynamic corneal response 
parameters (DCR’s) compared included: stiffness parameters (SP-A1 
and SP-HC) at first applanation (A1) and highest concavity (HC) 
respectively, A1 Velocity (A1Vel), A1 Deformation Amplitude (DA), 
DA Max, DA Ratio 2mm, Radius HC (concave radius of curvature), 
Inverse Radius Sum (InversRad), pachymetry profile (ARTh), and 
central curvature (SimK3mm). Significance threshold for T-test 
comparison was .005 using a Bonferroni correction, and statistical 
analysis was performed using SAS. Additionally, regression analyses 
were performed of the DCR’s against ARTh and SimK3mm.
Results: Average surgical treatment was -3.76D sphere (±1.12) 
and -0.76D cylinder (±0.65). The post-LASIK corneas had a 
significantly lower pachymetry profile and central curvature than 
NL corneas. Radius HC, InversRad, and DA Ratio 2mm were 
significantly different between groups, consistent with greater 
compliance in post-LASIK corneas. SP-HC and DA Max values 
were not different. Unexpectedly, SP-A1 was significantly higher and 
A1Vel significantly lower in post-LASIK corneas, implying lower 
compliance compared to NL corneas. Regression analyses showed 
significant relationships between ARTh and both SP-A1 and A1Vel 
(Figures 1a and 1b respectively), as well as SimK3mm and both 
SP-A1 and A1Vel (Figures 2a and 2b respectively), when the datasets 
were combined. Regressions were not significant within each group.
Conclusions: Radius HC, InversRad, and DA Ratio 2mm confirmed 
the hypothesis of lower compliance after myopic LASIK compared 
to thin normal corneas. However, SP-A1 and A1Vel had values 
more consistent with increased stiffness. This can be explained by 
the important effect of the peripheral cornea on the biomechanical 
response of post-LASIK corneas.
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ARTh Regression Graph

SimK3mm Regression Graph
Commercial Relationships: Kristen Ann Mendoza, None; 
Cynthia J. Roberts, Optimeyes (C), Oculus (C), Ziemer (C); 
Ashraf M. Mahmoud, None; Riccardo Vinciguerra, None; 
Paolo Vinciguerra, Oculus (C); Renato Ambrósio, Oculus (C); 
Rebecca Kuennen, None; David Castellano, None

Program Number: 4319 Poster Board Number: A0120
Presentation Time: 11:00 AM–12:45 PM
STUDY OF CORNEAL BIOMECHANICS IN PATIENTS WITH 
POSTERIOR LAMELLAR KERATOPLASTY
Tatiana Francisco, Madeleine Saint Martin, Rogelio Ribes 
Escudero, Paola Rinaudo, Natalia Minguez, Francisco Lucero Saa, 
Federico Cremona, Pablo Chiaradia. Ophtalmology, Hospital de 
Clinicas “Jose de San Martin”, Buenos Aires, Argentina.
Purpose: Biomechanical properties of the cornea used to be 
calculated by theoretical models. The Ocular Response Analyzer 
(ORA) is the first device capable of performing a dynamic evaluation 
of these properties in vivo. Despite previous studies have shown 
that Corneal Hysteresis (CH) and Corneal Resistance Factor (CRF) 
decrease in patients that underwent Posterior lamellar Keratoplasty 
(PLK), no study was found including 12 months follow up in patients 
with Fuchs dystrophy (FD).
Our Purpose is to describe the trend of CH and CRF in patients with 
FD during 12 months of follow up after PLK.
Methods: From February 2012 to June 2015, 5 patients with FD 
who underwent to Descemet Stripping Automated Endothelial 
Keratoplasty (DSAEK) in Hospital de Clínicas “José de San Martín” 
were included and biomechanical properties were evaluated at 3, 6 
and 12 months after surgery.
Results: Table 1 shows patients measurements.
Conclusions: In our patients with FD, CH and CRF had, compared 
to reported data in normal subjects, lower values at the first 3 months 
after surgery and tend to increase by the 12th month. Only one case 
decrease values but was the thickest Central Corneal Thickness 

(CCT) at 3rd month after surgery and previous studies have shown 
that CCT might affect biomechanics in normal corneas. It might be 
important to evaluate patients before surgery takes place to compare 
previous values to the postop measurements. Further studies will be 
needed to understand the biomechanical corneal changes that develop 
after PKL on patients with FD analyzing its evolution over time.

Table 1
Commercial Relationships: Tatiana Francisco, None; 
Madeleine Saint Martin, None; Rogelio Ribes Escudero, None; 
Paola Rinaudo, None; Natalia Minguez, None; Francisco Lucero 
Saa, None; Federico Cremona, None; Pablo Chiaradia, None

Program Number: 4320 Poster Board Number: A0121
Presentation Time: 11:00 AM–12:45 PM
Patient-Specific Computational Analysis of Photorefractive 
Keratectomy: A clinical validation study
Ibrahim Seven1, Vinicius S. De Stefano1, 3, Donn Hardy2, 
William J. Dupps1, 4. 1Ophthalmic Research, Cleveland Clinic Cole 
Eye Institute, Cleveland, OH; 2OptoQuest, Inc., Cleveland, OH; 
3Ophthalmology and Visual Sciences, Federal University of Sao 
Paulo, Sao Paulo, Brazil; 4Biomedical Engineering, Cleveland Clinic, 
Cleveland, OH.
Purpose: To generate microstructurally-based 3D finite element 
models (FEM) of PRK for myopia and compare the outcomes of the 
simulations to actual post-PRK follow-up tomographies.
Methods: Patient-specific tomographic data from 21 eyes of 15 
patients who underwent sphero-cylindrical PRK in a retrospective 
consecutive case series were imported into custom meshing software 
and case-specific treatment settings were simulated in each FEM. 
Average tangential curvatures over the central 3mm circular region 
(Kmean) were obtained from the anterior surfaces of both the actual 
tomographies and their generated FEMs at pre- and post-treatment 
intervals. Prediction error in Kmean was calculated by absolute and 
change-based metrics (based on the difference in actual and simulated 
postoperative values and the difference in actual and simulated PRK-
induced change, respectively). Prediction error ≤ 0.50D was set as the 
validation criterion.
Results: Prediction error in absolute postoperative Kmean and induced 
change in Kmean were -0.19 ± 0.39 D and -0.13 ± 0.37 D, respectively. 
Prediction error was not statistically significant (p>0.1). 81% of 
simulated cases met the validation criterion. Simulated PRK-induced 
change in Kmean accounted for 92% of the variance in actual spherical 
equivalent refractive change (Figure1).
Conclusions: The investigated computational modeling approach 
demonstrated low prediction errors and may be useful for clinical 
guidance in planning PRK. Mean prediction errors were within the 
test-retest repeatability of current clinical tomography systems.
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Figure1. Scatterplot and linear regression comparing case-specific 
predictions of mean central corneal curvature (Kmean) change to 
actual change in vertex-corrected SE (spherical equivalent) manifest 
refraction.
Commercial Relationships: Ibrahim Seven; Vinicius S. De 
Stefano, None; Donn Hardy, OptoQuest (E); William J. Dupps, 
Cleveland Clinic (P), Alcon (C), OptoQuest (P)
Support: NIH/NEI R01 EY023381

Program Number: 4321 Poster Board Number: A0122
Presentation Time: 11:00 AM–12:45 PM
A Physics-Based Catenary Model that Defines Corneal 
Biomechanical Stability for Refractive Surgery Applications
Michael K. Smolek1, 2, Neil Notaroberto2. 1Vision Performance & 
Protection Division, US Army Aeromedical Research Laboratory 
(USAARL), Fort Rucker, AL; 2CLEVER Eye Institute, Slidell, LA.
Purpose: Despite an excellent success rate for refractive surgery, 
postoperative corneal ectasia remains a major complication. A 
recent meta-analysis estimated that 1 in 200 surgical cases (0.5% 
incidence) will experience postoperative ectasia. The current study 
tests the hypothesis that a physics-based catenary model of tensile 
stress equilibrium can distinguish between normal and non-normal 
corneas based on static topography data. Non-normal refers to a 
biomechanically unstable shape or an anisotropic arrangement 
of tensile strength properties, which are attributes of diseased or 
distorted corneas.
Methods: A numerical equation model of biomechanical shape 
stability was derived from digitized photographs of physical 
exemplars of catenary curves. This model was then validated with 
de-identified (IRB exempt) corneal topography exams from Normals 
(N=48), Keratoconus (N=28), KC Suspects (N=38), and Post-Myopic 
LASIK (N=34). Exams were processed to extract elevation data 
along the flattest and steepest meridians, from which sagitta, chord 
and arc-length were interpolated at regular intervals. All screening 
evaluations were performed with a 10 mm chord.
Results: 100% of the Normal cases were within the model’s mean 
±95% CI for predicted normal catenaries. 100% of the KC Suspects 
had one or more semi-meridians that were biomechanically non-
normal. 100% of Keratoconus cases were non-normal, and 25% of 
these cases exceeded the reversible sagitta limit. 86% of the LASIK 
cases had at least one non-normal semi-meridian, suggesting the 
corneas were unstable, or that ablations were decentered and resulted 
in asymmetrical tissue properties (e.g., residual bed thickness).
Conclusions: Further study is needed, but the physics-based corneal 
catenary model appears to correctly distinguish between normal and 
non-normal corneal topography using only 2 physical law-dependent 
inputs at a fixed chord width. Screening refractive surgery candidates 
with the physics-based catenary model may enhance preoperative 
ectasia detection. It is a simpler initial screening approach compared 

to highly complex screening algorithms that use multiple indices 
that do not take into account the physics of shape. Furthermore, 
post-operative ectasia incidence may be reduced if ablation profiles 
are designed with physics principles in mind in order to improve 
postoperative stress equilibrium.
Commercial Relationships: Michael K. Smolek; Neil Notaroberto, 
None

Program Number: 4322 Poster Board Number: A0123
Presentation Time: 11:00 AM–12:45 PM
In vivo Brillouin shift as a function of age in human cornea
Valery V. Wittwer1, 2, Amira M. Eltony3, Peng Shao3, Seok-Hyun Yun3, 
Beatrice E. Frueh1, Theo G. Seiler3, Theo Seiler2. 1Universitätsklinik 
für Augenheilkunde, Inselspital Bern, Bern, Switzerland; 2Institut für 
Refraktive und Ophthalmo-Chirurige, IROC, Zürich, Switzerland; 
3Harvard Medical School/Massachusetts General Hospital, Boston, 
MA.
Purpose: To investigate the age dependence of the Brillouin 
frequency shift in the central cornea in vivo in healthy subjects at 780 
nm optical wavelength.
Methods: Brillouin measurements were made in the central corneas 
(< 2 mm from the pupil center) of 102 healthy eyes (Caucasian 
origin, 68 subjects, 49% female, aged 29-82 years, with mean 48 ± 
16 years) with a clinically-viable Brillouin imaging system. Inclusion 
criterion is normal appearing corneas, with less than ± 3 diopters 
refractive correction, normal corneal topography (no irregular 
bow-tie, no skewed axis, no scar or other irregularities), and no 
history of eye diseases, except presbyobia and/or cataract. Eyes that 
underwent corneal surgery or eyes with pathologies of the anterior 
ocular segment were not included. Measurements were taken at room 
temperature (20 – 24°C), with a laser power of 5 mW on the cornea 
surface. Axial scans over a range of 1.2 mm with a step size of 30 μm 
were conducted. The Brillouin shift measured in the anterior stroma 
was averaged over 5 axial scans.
Data analysis was performed with Prism 6.1 (GraphPad software, La 
Jolla, California, USA).
Results: The mean Brillouin frequency shift across all ages was 
5.726 GHz (SD = 0.015 GHz). Despite significant intersubject 
variation, a trend towards increasing Brillouin shift with age was 
observed, with a rate of increase of about ~ 5 MHz/decade (r2 = 
0.23), which implies viscoelasticity increase of corneal tissue with 
age in humans.
Conclusions: Although the person-to-person variation is large, we 
observe a pattern of rising Brillouin frequency shift at 780 nm optical 
wavelength with age, which suggests growing corneal stiffness. This 
trend is consistent with prior in vitro studies showing a stiffening 
effect with age in ex vivo human corneas via direct stress-strain 
measurement (A. Elsheikh et al., CER 32(1), 2007).
Commercial Relationships: Valery V. Wittwer; Amira M. Eltony, 
None; Peng Shao, None; Seok-Hyun Yun, None; 
Beatrice E. Frueh, None; Theo G. Seiler, None; Theo Seiler, None
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Effects of corneal hydration on Brillouin measurements
Peng Shao1, 2, Antoine Ramier3, 1, Behrouz Tavakol1, 2, 
Theo G. Seiler1, 2, Giuliano Scarcelli5, 2, roberto pineda4, 2, Seok-
Hyun Yun1, 2. 1Massachusetts General Hospital, Boston, MA; 
2Harvard Medical School, Boston, MA; 3Massachusetts Institute of 
Technology, Boston, MA; 4Massachusetts Eye and Ear Infirmary, 
Boston, MA; 5University of Maryland, Boston, MA.
Purpose: Brillouin microscopy is an emerging tool for clinical 
evaluation of corneal biomechanics. It has been documented that the 
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hydration level of corneal tissues affect their mechanical properties, 
but it is not understood how the hydration-induced change may affect 
Brillouin measurements. This study aims to quantify the effects of 
corneal hydration on the Brillouin frequency shift.
Methods: 20 fresh porcine eyeballs within 12 hours post mortem 
were randomly divided into 5 groups and immersed in Dextran 
solutions at different concentrations of 15, 7.5, 3.75, 1.86 and 0.93%, 
respectively. The hydration level of each sample at room temperature 
(24 oC) was determined from the Dextran concentration and the 
central corneal thickness (CCT) measured by optical coherence 
tomography. Brillouin spectra of the cornea tissues were obtained 
with a clinically-viable 780-nm Brillouin system. Correlation 
between the Brillouin shifts and hydration levels was analyzed. 
For time-lapse measurement, Brillouin spectra were recorded 
continuously from porcine corneas (n=3) as they were undergoing 
artificially-induced hydration changes. As preliminary in vivo tests, 
Brillouin spectroscopy was performed on 5 healthy volunteers over 
12 hours with 2-hour intervals. Ultrasound pachymetry was used 
to measure diurnal hydration changes in vivo, and correlation with 
measured Brillouin frequency shifts was determined.
Results: The Brillouin shifts in ex vivo porcine corneas decreased 
with increasing hydration with a dependence of –19.44 MHz per 1% 
increase in water content. In humans, high correlation (Pearson’s r 
> 0.75) was found between the Brillouin frequency shifts and the 
diurnal hydration changes (up to 1%). The peak-to-peak diurnal 
change of Brillouin shift was less than 20 MHz.
Conclusions: Brillouin frequency shifts are sensitive to hydration 
level variations in the cornea. This result suggests that hydration and 
hydration-induced change of corneal stiffness are non-negligible 
factors to consider in the interpretation of Brillouin data from 
patients.
Commercial Relationships: Peng Shao, None; Antoine Ramier, 
None; Behrouz Tavakol, None; Theo G. Seiler, None; 
Giuliano Scarcelli, WO2008137637A3 (P); roberto pineda, None; 
Seok-Hyun Yun, WO2008137637A3 (P)
Support: 1R01EY025454-01
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In-vivo human corneal elasticity imaging: a phase sensitive 
optical coherence elastography method
Michael D. Twa1, Gongpu Lan1, Manmohan Singh2, Kirill Larin2. 
1School of Optometry, University of Alabama at Birmingham, 
Birmingham, AL; 2Biomedical Engineering, University of Houston, 
Houston, TX.
Purpose: Non-invasive high-resolution corneal elasticity assessment 
is essential for detection and treatment of ocular diseases (e.g. 
keratoconus, corneal cross-linking, etc.); however, there is no widely 
accepted standard for in vivo measurements of human corneal 
elasticity. Because of its high spatio-temporal resolution, phase 
sensitive optical coherence elastography (PhS-OCE) is an emerging 
technique that has been previously validated with tissue phantoms, 
ocular tissues ex vivo, and with animal eyes in situ. Here, we describe 
a newly developed common-path PhS-OCE imaging method with 
enhanced phase stability and detection sensitivity, and demonstrate 
its first use for measurements of sub-micron corneal displacements in 
human eyes in vivo.
Methods: Elastography corneal imaging (Fig. 1a) was performed by 
combining common-path phase-sensitive OCT imaging and low-
force micro-air-pulse tissue stimulation to detect sub-micron corneal 
tissue displacements. Phase stability of this common-path OCT was 
measured with a mirror. Tissue excitation (150 μm diameter spot, 
20-60 Pa) was applied and the resulting dynamic displacements 

(pointwise, M-mode) were measured at the corneal apex in two 
healthy subjects.
Results: Displacement sensitivity for this common path PhS-OCE 
system was determined by the phase stability (SD=0.24 nm). Corneal 
displacement increased with increasing force as shown in Fig. 1b. 
The response to stimulation (median ± IQR) was –0.23±0.02μm (20 
Pa), –0.42±0.03μm (40 Pa), and –0.62±0.05μm (60 Pa) respectively. 
The repeatability of displacement measurements (IQR) ranged from 
±0.02 to ±0.05μm.
Conclusions: Sub-micron tissue deformations (–0.2 to –0.8μm) 
were induced, detected and quantified for the human cornea in vivo 
with high measurement repeatability. These preliminary results 
demonstrate the potential for common-path PhS-OCE to resolve 
subtle variations of corneal stiffness in vivo. Elastography imaging 
has several possible clinical applications for diagnosis, treatment and 
detection of disease progression.

Fig. 1. Common-path PhS-OCE (a) enables in vivo corneal 
elastography measurement for human subjects (b).
Commercial Relationships: Michael D. Twa, None; Gongpu Lan, 
None; Manmohan Singh, None; Kirill Larin, None
Support: NIH/NEI R01-EY022362, P30EY07551 and 
P30EY003039
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In-vivo Assessment of Corneal Biomechanics using Optical 
Coherence Elastography
Vinicius S. De Stefano1, 2, Matthew R. Ford1, Ibrahim Seven1, 
Brent Hughes3, William J. Dupps1, 4. 1Cole Eye Institute, Cleveland 
Clinic, Cleveland, OH; 2Ophthalmology and Visual Sciences, 
Federal University of Sao Paulo, Sao Paulo, Brazil; 3OptoQuest, Inc., 
Cleveland, OH; 4Dept. of Biomedical Engineering, Lerner Research 
Institute, Cleveland Clinic, Cleveland, OH.
Purpose: To assess corneal biomechanical behavior using a modified 
technique for optical coherence elastography (OCE) in its first in vivo 
application.
Methods: A previously described corneal elastography technique 
(Ford et al., JBO 2011) based on optical coherence tomography was 
modified and applied for the first time in an IRB-approved human 
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subjects study. Corneal deformations are delivered using a flat lens 
attached to a linear actuator and rapid-sampling force transducers 
over a two-second perturbation. A cross-correlation algorithm is 
applied to track frame-by-frame intrastromal speckle displacement. 
Regional displacements for the anterior and posterior stroma were 
determined using custom software, and data were plotted in a force 
vs. displacement graph. Total displacement was defined as the 
vector sum of horizontal and vertical displacements, for both the 
anterior and posterior corneas. A displacement/force relationship 
was established by dividing the maximum total displacement by the 
maximum force for the anterior (Ka) and posterior cornea (Kp).
Results: Six eyes from three subjects were measured in this pilot 
study. The correlation analysis showed a mean value of 0.66 ± 
0.04 across the regions of interest, which satisfies previously 
published criteria for accurate feature tracking. A graph of force vs. 
displacement for one case (Figure 1) demonstrates that, for the same 
amount of applied force, anterior stromal displacements were lower 
(indicating stiffer behavior) than posterior stromal displacements. 
This behavior was confirmed across all eyes (mean Ka = 0.78 N/mm 
± 0.33 N/mm and mean Kp = 0.70 N/mm ± 0.29 N/mm, thus giving 
Ka/Kp = 1.114 ± 0.047).
Conclusions: OCE is a clinically feasible, non-invasive method to 
assess corneal biomechanical behavior. Furthermore, the technique 
proved useful to differentiate distinct behaviors between the anterior 
and the posterior cornea. Efforts are underway to apply inverse 
computational modeling to the displacement data to extract elasticity 
estimates.

Figure 1. Speckle-tracking results showing distinct behaviors in the 
anterior and posterior cornea.
Commercial Relationships: Vinicius S. De Stefano, None; 
Matthew R. Ford, OptoQuest (P); Ibrahim Seven, OptoQuest (C); 
Brent Hughes, OptoQuest (E); William J. Dupps, OptoQuest (P)
Support: R01 EY023381; Ohio Third Frontier Innovation Platform 
Award TECH 13-059; Unrestricted Grant from RPB to the Dept. of 
Ophthalmology of the Cleveland Clinic Lerner College of Medicine 
of Case Western Reserve University, NIH-NEI P30 Core Grant 
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Effect of intraocular pressure on the vibrational resonance of the 
cornea measured by optical coherence tomography
Antoine Ramier1, 2, Behrouz Tavakol1, Seok Hyun Yun1, 2. 1Wellman 
center for photomedicine, Massachusetts General Hospital, Boston, 
MA; 2Harvard-MIT division of Health Sciences and Technology, 
Cambridge, MA.
Purpose: We have previously reported the observation of corneal 
vibrational modes by using sound-coupled optical coherence 
tomography (OCT). This vibrography technique has a potential 
to measure corneal stiffness, which plays important roles in 
keratoconus, corneal crosslinking, and refractive surgery. As in 
air-puff corneal tonometer, the vibrational resonance of the cornea 
is thought to be sensitive to intraocular pressure (IOP), but this 
dependence has not been studied quantitatively. We have investigated 
the effects of IOP on the resonance modes of sound-induced corneal 
vibration.
Methods: OCT vibrography was performed on freshly enucleated 
bovine eyeballs, which were connected to a water column to control 
the IOP level between 10 and 25 mmHg. A custom-built, sound 
delivery device applied monotone or frequency-chirped sound 
waves onto the cornea at sound pressure levels (SPL) of 80-110 dB. 
The amplitude and phase of vibration of the cornea over a sound 
frequency range from 50 to 500 Hz were measured by using a phase-
sensitive OCT system.
Results: The fundamental resonance mode was observed at a sound 
frequency of about 130 Hz. The amplitude of vibration scaled 
linearly with sound pressure and was on the order of 10nm/Pa at the 
resonance. Increasing IOP results in a shift of the resonance peak 
towards higher frequencies, and reduces the vibrational amplitude of 
the resonance. Cycling the IOP back to lower pressures showed no 
noticeable hysteresis.
Conclusions: The IOP level significantly affects the vibrational 
resonance modes of the cornea. This finding indicates that IOP is an 
important factor to consider for the measurement of corneal stiffness 
from corneal resonance analysis and implies that OCT vibrography 
may have a potential for IOP measurements.
Commercial Relationships: Antoine Ramier; Behrouz Tavakol, 
None; Seok Hyun Yun, None
Support: NIH Grant P41-EB015903
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Marfan Syndrome: Biomechanics of the cornea as new 
noninvasive method for assessment of disease progression
Andreas Frings1, Dido Isabel Scheibenberger2, 5, 
Johannes Steinberg3, 2, Helke Schueler4, Yskert von Kodolitsch4, 
Vasyl Druchkiv2, Toam Katz2, Stephan Johannes Linke3, 2. 1Department 
of Ophthalmology, University Hospital Düsseldorf, Heinrich-Heine 
University, Düsseldorf, Germany; 2Ophthalmology, University 
Hospital Hamburg, Hamburg, Germany; 3zentrumsehstärke, 
Hamburg, Germany; 4Cardiology, University Hospital Hamburg, 
Hamburg, Germany; 5Med School, University of Hamburg, Hamburg, 
Germany.
Purpose: To evaluate corneal air-puff deformation responses as 
predictor of disease status and progression in Marfan Syndrome 
(MFS).
Methods: This prospective observational clinical study monitored 
right eyes of 44 individuals (19 female, 25 male; mean age 42±12) 
diagnosed with MFS. The revised Ghent criteria, with particular 
attention being paid to the degree of aortic root dilatation (Z-Score) 
as correlates of disease status, were correlated with ocular biometry, 
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corneal topography, tomography (Pentacam [Oculus]; Galilei G6 
[Ziemer]) and dynamic Scheimpflug-based biomechanical analyses 
(CorvisST [CST; Oculus]). These findings were compared to 30 
control subjects. A t-test or Wilcoxon matched-pairs test were used to 
test for statistically significant differences between these groups. Our 
study was approved by the local Ethics Committee Hamburg.
Results: Comparing control- and MFS-eyes, the corneal 
biomechanical parameters A1 length, A2 length, radius of the 
inward-bended cornea, and deflection length at the highest concavity 
revealed statistically significant differences (P<0.05). In addition, 
the comparison between low- and high-risk patients demonstrated 
consistently increasing differences with increasing statistical 
significance between mild and those with advance MFS stages.
Conclusions: In vivo noninvasive biomechanical analyses (CST) 
offer a new reliable method to describe and distinct
features of corneal deformation responses between low- and high-
risk patients with MFS. In the future corneal air-puff deformation 
responses might therefore be used in early identification of critically 
ill patients at high risk of disease progression as an adjunct to existing 
diagnostic tests.
Commercial Relationships: Andreas Frings, None; 
Dido Isabel Scheibenberger, None; Johannes Steinberg, 
None; Helke Schueler, None; Yskert von Kodolitsch, 
None; Vasyl Druchkiv, None; Toam Katz, None; Stephan 
Johannes Linke, None
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Initial Outcomes with Arcuate Incisions in Femtosecond Laser 
Cataract Surgery
Giovanni Greaves, Benny Wong, Aysha Malik, Sajid Malik, 
Carolyn Shih. Ophthalmology, Northwell School of Medicine, NY, 
NY.
Purpose: The advent of femtosecond laser cataract surgery has 
garnered much interest in both academic and private Ophthalmology 
practices across the nation. Using the femtosecond laser to perform 
arcuate incisions for corneal cylinder correction is becoming more 
common. Our study seeks to evaluate the effect of intrastromal and 
anterior penetrating arcuate incisions on corneal keratometry in 
femtosecond laser cataract surgery using the CATALYS machine.
Methods: Eyes having both intrastromal and anterior penetrating 
corneal incisions with the CATALYS machine were analyzed. 
Preoperative anterior segment parameters included anterior chamber 
depth, central corneal thickness, length of incision, IOL used and 
laser time were collected. Preoperative and 1-month postoperative 
corneal keratometry were measured using the IOL master 500 from 
Zeiss and the NIDEK AR-1 autorefractor.
Results: Eyes having both intrastromal and anterior penetrating 
corneal incisions with the CATALYS machine were analyzed. 
Preoperative anterior segment parameters included anterior chamber 
depth, central corneal thickness, length of incision, IOL used and 
laser time were collected. Preoperative and 1-month postoperative 
corneal keratometry were measured using the IOL master 500 from 
Zeiss and the NIDEK AR-1 autorefractor.
Conclusions: Eyes having both intrastromal and anterior penetrating 
corneal incisions with the CATALYS machine were analyzed. 
Preoperative anterior segment parameters included anterior chamber 
depth, central corneal thickness, length of incision, IOL used and 
laser time were collected. Preoperative and 1-month postoperative 
corneal keratometry were measured using the IOL master 500 from 
Zeiss and the NIDEK AR-1 autorefractor.
Commercial Relationships: Giovanni Greaves; Benny Wong, 
None; Aysha Malik, None; Sajid Malik, None; Carolyn Shih, None
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The role of corneal macro and micro-structure on Intraocular 
Pressure
Danilo Andrade de Jesus1, Maryam Mousavi1, 
Izabela K. Garaszczuk2, Irene Siso-Fuertes3, Hema Radhakrishnan3, 
Robert Iskander1. 1Wroclaw University of Technology, Wroc?aw, 
Poland; 2University of Valencia, Valencia, Spain; 3University of 
Manchester, Manchester, United Kingdom.
Purpose: In this study, Optical Coherence Tomography (OCT) 
speckle statistics are used to infer the organisation of the corneal 
micro-structure and hence, to analyse its influence on intraocular 
pressure (IOP) measurements.
Methods: Fifty-six subjects aged 44.6 ± 19.3 years (mean ± standard 
deviation) ranging from 22 to 78 years were recruited for this study. 
IOP was measured using a non-contact tonometer, Corvis ST (Oculus, 
Wetzlar, Germany). Macro and micro-structural corneal parameters 
as well as subject age were considered. Macro-structural analysis 
included the parameters that are associated with the ocular anatomy, 
such as the central corneal thickness (CCT), corneal radius, axial 
length, anterior chamber depth and white-to-white corneal diameter. 
They were measured with IOLMaster 700 (Carl Zeiss Meditec AG, 
Germany). Micro-structural parameters which included OCT speckle 
statistics were related to the internal organisation of the corneal tissue 
and its physiological changes during lifetime. The corneal speckle 
obtained from OCT (Copernicus HR, Optopol, Poland) was modelled 
with the Generalised Gamma distribution that is characterised with a 
scale and two shape parameters.
Results: In macro-structure analysis, only CCT showed a statistically 
significant correlation with IOP (R2=0.25, p<0.001). Regarding 
the micro-structure, the scale and the ratio of the shape parameters 
of Generalised Gamma distribution presented a statistically 
significant correlation with IOP (R2=0.19, p<0.001 and R2=0.17, 
p<0.001, respectively). These correlations remained significant after 
correcting the IOP (using the Dresden table). For the studied group, 
a weak, although significant correlation was found between age 
and IOP (R2=0.053, p=0.04). However, it became non-significant 
after correcting the IOP with the CCT (p>0.05). Forward stepwise 
regression showed that CCT and the scale parameter of the 
Generalised Gamma distribution can be combined in a regression 
model (R2=0.39, p<0.001) to study the role of the corneal structure 
on IOP.
Conclusions: We show that IOP calibration in applanation tonometry 
must be considered from the macro and micro-structure perspective. 
OCT speckle statistics have the potential to be employed to infer 
the corneal micro-structure and hence, to further calibrate the IOP 
measurements.
Commercial Relationships: Danilo Andrade de Jesus, None; 
Maryam Mousavi, None; Izabela K. Garaszczuk, None; 
Irene Siso-Fuertes, None; Hema Radhakrishnan, None; 
Robert Iskander, None
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In vivo measurement of regional corneal stiffness
Andrew K. Lam1, Ying Hon1, Shu-Hao Lu2, Guo-Zhen Chen2, 
David C. Lam2. 1School of Optometry, The Hong Kong Polytechnic 
University, Hong Kong, China; 2Department of Mechanical and 
Aerospace Engineering, The Hong Kong University of Science and 
Technology, Hong Kong, China.
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Purpose: To measure corneal stiffness at central and peripheral 
regions and to study effect from direction of gaze during peripheral 
measurement
Methods: Twenty-five young Chinese subjects (age, 21-26 years) 
had corneal stiffness measured using a corneal indentation device. It 
consisted of a 2-mm diameter indenter to measure the force required 
to indent at a 1-mm depth. Measurements were obtained randomly at 
the central cornea and 3mm from the temporal limbus. For temporal 
measurement, subjects maintained a primary fixation position and 
fixating 60-degree nasally. Corneal thickness at the center (CCT) and 
temporal (TCT) region were measured using swept-source anterior 
optical coherence tomography.
Results: No significant between-eye difference in corneal thickness 
and corneal stiffness was found. Results from right eye were used for 
analysis. The mean central corneal stiffness was 0.070 (+/- 0.0065) 
N/mm. The mean temporal corneal stiffness was 0.074 (+/- 0.0074) 
N/mm at primary gaze, and 0.080 (+/- 0.0067) N/mm when looking 
nasally. Repeated measures ANOVA showed significant difference 
of the three results (F = 21.36, p < 0.001). Post hoc test revealed 
significant difference between central corneal stiffness and temporal 
corneal stiffness at primary fixation (p < 0.024). Since TCT was 
significantly thicker than CCT (paired t-test, t = -26.78, p < 0.001), 
corneal thickness difference at the two regions was set as covariate. 
The difference in corneal stiffness between the two regions was no 
longer significant (p = 0.692). Central corneal stiffness was positively 
associated with CCT (r = 0.48, p = 0.016), but correlation between 
temporal stiffness and temporal thickness was not significant (r = 
0.23, p = 0.28). Post hoc test also revealed significant difference in 
temporal corneal stiffness at different direction of gaze (p < 0.007).
Conclusions: We demonstrated in vivo corneal stiffness 
measurement at different locations. A stiffer temporal cornea was due 
to its increased corneal thickness. However, there should be factors 
other than corneal thickness affecting peripheral corneal stiffness. 
Practitioner should be aware of effect from direction of gaze in 
peripheral corneal stiffness measurement.

Figure 1. Photographs of the corneal indentation device sitting on a 
slit-lamp unit.

Figure 2. a) A schematic diagram illustrates stiffness measurement at 
central cornea; b) at temporal cornea in primary gaze; c) at temporal 
cornea in nasal fixation.
Commercial Relationships: Andrew K. Lam, None; Ying Hon, 
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Ultrasonic Micro-elastography for Accessing Biomechanical 
Properties of the Cornea
Xuejun Qian1, 2, Teng Ma1, 2, Heur Martin1, Jun Zhang2, K. 
Kirk Shung2, Mark S. Humayun1, Qifa Zhou1, 2. 1USC Roski Eye 
Institute, University of Southern California, Los Angeles, CA; 
2Department of Biomedical Engineering, University of Southern 
California, Los Angeles, CA.
Purpose: Noninvasive determination of biomechanical properties of 
the cornea could prove to be clinically useful. It can help determine 
the risk of post-refractive keratectasia and more accurately determine 
the true intraocular pressure (IOP).
Methods: A novel dual frequency ultrasonic micro-elastography 
imaging system was developed to enable the point-to-point mapping 
of biomechanical properties of corneal tissue, consisting a 4.5 MHz 
ring transducer and a confocally aligned 40 MHz needle transducer 
(PIN-PMN-PT single crystal) for sufficient excitation and precise 
detection of micro-level displacements, respectively. First, the spatial 
resolution and field of view of our imaging system was initially 
validated on gelatin tissue-mimicking phantoms. Next, imaging was 
performed on porcine corneas that were either crosslinked using 
aldehyde or where the intraocular pressure was varied to map the 
morphological structure and stiffness within the cornea.
Results: The axial and lateral resolution of ultrasonic micro-
elastography imaging system are characterized to be 83 and 151 μm, 
respectively, which is found to be sufficient enough for quantifying 
the biomechanical properties of cornea. Increasing stiffness could be 
observed on elastography with increasing duration of crosslinking, 
and the elastography data correlated well with histology in the 
crosslinked corneas (Fig.1). Increasing IOP led to a stiffer cornea and 
sclera without obvious changes in corneal thickness and curvature. 
It was interesting to note that there was a difference in the stiffness 
between the anterior and posterior corneas under various IOPs.
Conclusions: Our results demonstrate proof of principle of using 
ultrasonic micro-elastography to image the biomechanical properties 
of the cornea with fine resolution (< 100 μm). Further studies 
are needed to determine the clinical utility of ultrasonic micro-
elastography.
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Estimating the material properties of collagen fibril using optical 
behavior of the human cornea
Mengchen Xu1, 3, Funkenbusch D. Paul1, Amy L. Lerner2, 1, 
Geunyoung Yoon3, 2. 1Department of Mechanical Engineering, 
University of Rochester, Rochester, NY; 2Department of Biomedical 
Engineering, University of Rochester, Rochester, NY; 3Flaum Eye 
Institute, University of Rochester, Rochester, NY.
Purpose: To improve the accuracy of estimating collagen fibril 
properties by using optical behavior of the cornea with an inverse 
analysis method.
Methods: A three-dimensional anisotropic corneal model with 
regionally varying fibril distribution (Pandolfi, 2008) was generated 
in finite element software (ABAQUS 6.14). The model used two 
known average material parameters, depth-dependent matrix stiffness 
C10 (Sloan, 2014) and fibril dispersion parameter κ (Pandolfi, 2008), 
and two unknown parameters for the model, fibril stiffness k1 and 
fibril nonlinearity k2 were estimated with an inverse algorithm 
developed based on design of experiment method. This iterative 
method estimates k1 and k2 by minimizing the average difference 
between the predicted and the theoretical corneal responses simulated 
under multiple intraocular pressure (IOP) levels ranging from 
5-30mmHg. To test the accuracy, three different combinations of  
k1 and k2 were assumed: k1 = 30kPa, k2 = 800 (case 1); k1 = 80kPa, 
k2 = 800 (case 2); k1 = 80kPa, k2 = 1200 (case 3). We compared 
estimated k1 and k2 based on apical displacement and spherical 
aberration (SA). The iterative algorithm was considered converged 
with a threshold of 0.01mm for apical displacement and 0.1μm 
for SA. Accuracy of the estimation was judged by prediction error 
of apical displacement and SA, as well as refractive power as an 
independent corneal response.
Results: Estimation of k1 and k2 using apical displacement led to 
non-unique solutions for all three cases. Different combinations of 
k1 and k2 predicted similar apical displacement and SA within the 
thresholds. However, average estimation error of k1 and k2 relative to 
their assumed magnitudes for the three cases was 28.8% and 18.8%, 

which led to an average error of 0.25D in refractive power compared 
to the theoretical data. In contrast, the algorithm based on SA resulted 
in a unique solution of k1 and k2 and the error was reduced to 8.5% 
and 2.8%. In addition, the resulting corneal responses for the three 
cases all matched the theoretical data, with an average difference 
of 0.006mm in apical displacement, 0.006μm in SA and 0.13D in 
refractive power.
Conclusions: For this model with regionally varying fibril 
distribution, an inverse analysis based on optical responses of the 
cornea at multiple IOPs improved the accuracy in estimating corneal 
collagen fibril properties compared to the result based on apical 
displacement.
Commercial Relationships: Mengchen Xu; Funkenbusch D. Paul, 
None; Amy L. Lerner, None; Geunyoung Yoon, Bausch and Lomb 
(F), Ovitz (C), Ovitz (F), Johnson and Johnson (F), Coopervision (F)
Support: NIH/NEI EY014999; Research to Prevent Blindness
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Corneal hydration and the relation to the biomechanical 
properties
Theo G Seiler1, 2, Peng Shao1, Marleen Engler1, Eric Beck1, 
Irene E. Kochevar1, Seok Hyun Yun1. 1Wellman Center for 
Photomedicine, Massachusetts General Hospital - Harvard Medical 
School, Boston, MA; 2IROC AG, Zurich, Switzerland.
Purpose: To determine the effect of corneal hydration on 
biomechanical properties of the cornea
Methods: Twenty-four rabbit corneas were divided into 4 groups of 6 
eyes each. Corneas were excised and mounted into a Barron artificial 
anterior chamber. Then various corneal hydration steady states were 
achieved by applying different dextran T-500 concentrations in the 
anterior chamber, as well as on the corneal anterior surface. The 
solutions contained either 5, 10, 15 or 20% wt/wt dextran. Ultrasound 
pachymetry was used to measure central corneal thickness. Each eye 
was examined by a clinically-used Brillouin microscope to determine 
the Brillouin frequency shift of the anterior stroma in the central 
cornea within 2 mm from the pupil center. Afterwards, the central  
10 mm corneal disk was excised and a 5mm-wide central strip 
was taken for uniaxial tensiometry. After tensiometry, the entire 
10mm disk was dried using lyophilization and the dry weight was 
determined.
Results: Greater corneal hydration lead to a significant thicker 
pachymetry. The forces measured at a strain of 9% were a factor of  
2 higher (p<0.05) in corneas dehydrated with 20% dextran compared 
to those hydrated with 5% dextran. Taking the cross-section of the 
strip into consideration for the calculation of stress, this factor even 
increased up to 6-fold. Brillouin frequency shifts were different in all 
examined groups (p<0.05) and highly correlated to the results of the 
tensiometry as well as to corneal hydration levels. Dry weight did not 
differ significantly between the groups.
Conclusions: Corneal biomechanical properties are highly dependent 
on the level of corneal hydration. Therefore, it is essential to measure 
and control the hydration during ex vivo experiments.
Commercial Relationships: Theo G Seiler, None; 
Peng Shao, None; Marleen Engler, None; Eric Beck, None; 
Irene E. Kochevar, None; Seok Hyun Yun, None
Support: Swiss National Science Foundation - Early Postdoc.
Mobility
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Influence of physiological parameters on corneal deformation in 
response to ocular pulse
Jun Liu1, 2, Elias Pavlatos1, Xueliang Pan3, Keyton Clayson1. 
1Department of Biomedical Engineering, The Ohio State University, 
Columbus, OH; 2Ophthalmology and Visual Sciences, The Ohio State 
University, Columbus, OH; 3Center for Biostatistics, The Ohio State 
University, Columbus, OH.
Purpose: To measure corneal deformation during ocular pulse cycles 
at different ocular pulse amplitudes (OPA), heart rate (HR), and 
baseline intraocular pressure (IOP) levels.
Methods: Ten porcine globes were tested within 72 hours 
postmortem. Globes were immersed in 0.9% saline during tests. Two 
20G needles were inserted into the anterior chamber, one connected 
to a syringe pump (PHD Ultra, Harvard Apparatus) to control IOP 
and the other to a pressure sensor (P75, Harvard Apparatus) to 
measure IOP. Oscillatory IOP changes were produced to simulate the 
ocular pulse, and ultrasound scans of the central 5.7 mm cornea in 
the nasal-temporal direction were obtained at a frame rate of 128 Hz 
(Vevo 2100, VisualSonics). In each eye, the ocular pulse parameters 
were varied separately from the nominal condition: OPA = 1 or 5 vs 
3 mmHg, HR = 45 or 100 vs 72 BPM, baseline IOP = 10 or 20 vs 15 
mmHg. Corneal through-thickness strains were calculated using an 
ultrasound speckle tracking algorithm (Tang & Liu, J Biomech Eng 
2012, 134(9)). The responses under different testing conditions were 
compared using linear mixed models with repeated measures.
Results: Ocular pulse induced cyclic compression of the cornea in 
phase to pressure change (Fig 1a). The slope of the compressive 
strain over pressure, representing corneal compliance, was estimated 
using linear regression of data from five ocular pulse cycles (Fig 
1b). The strain/pressure slope was -0.038 ± 0.009 for the nominal 
condition. OPA and heart rate had a minimal influence on corneal 
compliance (Fig 2), while baseline IOP had a significant influence 
(-0.109 ± 0.043, at 10 mmHg, p<0.01; -0.024 ± 0.006 at 20 mmHg, 
p<0.01).
Conclusions: High frequency ultrasound speckle tracking can 
reliably measure small corneal deformation in response to the ocular 
pulse, and represents a potential clinical tool for measuring corneal 
stiffness in vivo. Changes in OPA and heart rate had a minimal 
influence on the strain/pressure slope, while baseline IOP had a 
significant effect due to the nonlinear mechanical behavior of the 
cornea. Future work will seek to establish a method to derive corneal 
properties independent of baseline IOP.

Fig 1. (a) Ocular pulse cycles and resultant cyclic compressive 
strains; and (b) strain/IOP slope for one cornea.

Fig 2. Average strain/IOP slope under each testing condition (n=10).
Commercial Relationships: Jun Liu; Elias Pavlatos, None; 
Xueliang Pan, None; Keyton Clayson, None
Support: NIH Grant R01EY025358

Program Number: 4335 Poster Board Number: A0136
Presentation Time: 11:00 AM–12:45 PM
Quantitative Scanning Acoustic Microscopy of the Cornea
Marianna Pavlyha1, Ronald Silverman1, Daniel Rohrbach2, 
Harriet O. Lloyd1, Jonathan Mamou2. 1Columbia University Medical 
Center, New York, NY; 2Riverside Research, New York, NY.
Purpose: Recent studies comparing ultrasound and optical 
coherence tomography (OCT) measurements of corneal epithelium 
show systematic differences. In this study, we measured speed-of-
sound and other acoustic parameters in the pig corneal stroma and 
epithelium using scanning acoustic microscopy (SAM) to evaluate 
speed-of-sound as a potential explanatory factor.
Methods: Intact pig eyes were shipped overnight on ice. The corneas 
were excised with a 1-2mm rim of sclera and placed in a 20% dextran 
in 0.9% saline solution for ~36 hours. Corneas were pressurized in a 
Barron’s anterior chamber to 10 mmHg and scanned with a 35 MHz 
ultrasound probe. Thickness values for 4 dehydrated and 2 control 
corneas were recorded. The central corneas were then excised with 
a 9.5 mm diameter Barron’s corneal punch. Corneal buttons were 
flash-frozen in Tissue Tek and cryosectioned to 5-μm. SAM was 
performed with a custom system using a 480 MHz probe. Ultrasound 
data were acquired over a 3x3 mm zone at a 2.5 GHz sample rate 
(12-bit) at 1-μm intervals. Subsequent analysis enabled determination 
and display of acoustic impedance, speed of sound, attenuation and 
bulk modulus.
Results: Dehydrated and control corneas averaged 0.624±0.024 
and 0.725±0.035 mm in thickness, respectively. SAM images of 5 
zones from each of 3 sections of dehydrated corneas demonstrated 
significantly lower speed-of-sound in the epithelium, 1574±14 m/s, 
than in stroma, 1729±3 m/s. Mean impedance values for epithelium 
and stroma were 1.66 and 1.58 MRayl, respectively, and mean bulk 
moduli were 2.63 and 2.73 GPa, respectively.
Conclusions: In this study, we demonstrate that epithelium has a 
significantly slower speed of sound than the standard corneal value 
of 1640 m/s. This explains why OCT determinations of epithelial 
thickness have been reported to be significantly thinner than 
ultrasound determinations. Therefore, the standard corneal speed-of-
sound value is inappropriate for accurate measurement of epithelial 
thickness. The ability to characterize and image impedance, speed-
of-sound and bulk modulus at the 4-μm lateral resolution of the SAM 
could shed light on biomechanical changes affecting the cornea in 
disease (keratoconus) and therapy (crosslinking).
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SAM image representing significantly slower speed of sound in 
epithelium compared to stroma
Commercial Relationships: Marianna Pavlyha, None; 
Ronald Silverman, None; Daniel Rohrbach, None; 
Harriet O. Lloyd, None; Jonathan Mamou, None

Program Number: 4336 Poster Board Number: A0137
Presentation Time: 11:00 AM–12:45 PM
Pupil Dilation and Ocular Surface Effects with an Ocular Insert 
compared to Repeated Topical Drops
Gurpreet K. Bhogal-Bhamra1, 2, James Wolffsohn1, 
Paramdeep Bilkhu1, Maria Vidal-Rohr1, Janis B. Orr1. 1Vision 
Sciences, Aston University, Birmingham, United Kingdom; 
2Ophthalmology, Queen Elizabeth Hospital, Birmingham, United 
Kingdom.
Purpose: Standard practice within Ophthalmology and ocular 
surgery requires maximal pupil dilation through topical instillation 
of tropicamide and phenylephrine. Ensuring adequate dilation prior 
to ocular examination or surgery commonly requires multiple drop 
instillations. It has been established that the cornea undergoes various 
shape changes during dilation and is thus reasonable to assume the 
ocular surface may be compromised with repeated drug instillation. 
There is, however, little evidence within literature investigating 
ocular surface changes with sequential instillation of topical drops. 
Mydriasert® (Laboratoirs Thea, France), an ophthalmic insert which 
releases tropicamide and phenylephrine, offers as an alternative to 
multiple topical mydriatics for pupil dilation. The purpose of this 
study was thus to investigate the effects of sequential instillation of 
dilating drops on the ocular surface in comparison to Mydriasert.
Methods: Thirteen healthy subjects (6 females and 7 males, mean 
age 21±3.6 years) with no ocular pathology underwent sequential 
dilation in one eye randomly selected using Tropicamide 1% 
and Phenylephrine 2.5%; the contralateral eye was dilated using 
Mydriasert. Drops were instilled every 20minutes for a total duration 
of 80 minutes. Ocular comfort, redness, pupil size, central corneal 
thickness (CCT - Vistante OCT), corneal biomechanics (Ocular 
Response Analyzer) and corneal and conjunctival staining were 
assessed at 20 minute intervals by masked observers over 80 minutes.
Results: Mydriasert and drop eyes were similar at baseline (p>0.05). 
Both methods gave similar average dilation (F=0.263, p=0.617), 
with the Mydriasert eyes showing less dilation 20mins after 
instillation (p<0.01), but achieving a wider dilation by 60mins (by 
0.52±0.58mm; p<0.01). Mydriasert eyes also showed less ocular 
redness over time (F=6.619, p=0.024). Both methods of dilation 
increased CCT (F=5.552, p<0.001) but had no significant impact on 
corneal biomechanics (p>0.05) or ocular surface staining (F=0.050, 
p=0.826).

Conclusions: A dilation insert was equally effective as multiple 
dosing of topical drops, achieving a higher level of dilation with less 
ocular redness and involving less staff time.
Commercial Relationships: Gurpreet K. Bhogal-Bhamra; 
James Wolffsohn, Thea Pharmaceuticals (F); Paramdeep Bilkhu, 
None; Maria Vidal-Rohr, None; Janis B. Orr, None

Program Number: 4337 Poster Board Number: A0138
Presentation Time: 11:00 AM–12:45 PM
Development of an artificial cornea for testing drug candidate 
permeability in early stages of drug development
Jenni J. Hakkarainen1, Vytautas Cepla2, Agne Ziniauskaite1, 
Ramunas Valiokas3, Giedrius Kalesnykas1. 1Experimentica Ltd, 
Kuopio, Finland; 2UAB Ferentis, Vilnius, Lithuania; 3Department 
of Nanoengineering, Center for Physical Sciences and Technology, 
Vilnius, Lithuania.
Purpose: The cornea efficiently restricts permeability of topically 
administered drugs into the eye. Currently, permeability of drug 
candidates is tested across excised animal corneas ex vivo or using in 
vitro cell culture models. The purpose of this study was to develop 
an artificial cornea for drug permeability screening in early drug 
development that more adequately resembles the human cornea.
Methods: Several modifications of artificial corneas were prepared 
using different hydrogel cross-linking and coating techniques. The 
apparent permeability coefficient (Papp) values of standard reference 
molecules across artificial corneas were tested using Navicyte vertical 
diffusion chambers. Permeability characteristics (tightness, dynamic 
range) of the artificial cornea was assessed, and the Papp values across 
artificial cornea were correlated with those of ex vivo rabbit corneas 
and in vitro human corneal epithelial cell (HCE-T) culture model. 
HCE-T cells were also grown on top of artificial cornea to represent 
the biological equivalent of cornea. Permeability properties and 
expression of tight junction proteins were quantified using identical 
permeability set-up and immunofluorescent staining.
Results: By modifying the hydrogel composition, we could decrease 
the Papp values of reference molecules ≥ 60%. Further modification 
of the artificial cornea resulted in a similar Papp value of the high 
permeability reference molecule (17 ± 3 × 10-6 cm/s, mean±SEM, 
p<0.001) as the Papp value across rabbit cornea. With the hydrophobic 
coating, the Papp value of the high permeability reference molecule 
could be significantly increased (52 ± 1 × 10-6 cm/s, p<0.001). 
However, the tightness of the artificial cornea remained 7 to 46 times 
higher than observed for the in vitro HCE-T model or ex vivo rabbit 
corneas, respectively. HCE-T cells proliferated and expressed tight 
junction proteins when grown on top of artificial cornea.
Conclusions: These data suggest that an artificial cornea may be 
used to replace ex vivo permeability testing using animal corneas, 
given the resemblance between the artificial and the human cornea 
with regard to drug permeability characteristics. However, further 
optimization of the hydrogel composition are required to fully 
validate the permeability characteristics of the artificial cornea.
Commercial Relationships: Jenni J. Hakkarainen, Experimentica 
Ltd (I), Experimentica Ltd (E), Experimentica Ltd (S), Experimentica 
Ltd (P), Experimentica Ltd (R), Experimentica Ltd (F); 
Vytautas Cepla, UAB ferentis (R), UAB Ferentis (E), UAB Ferentis 
(P); Agne Ziniauskaite, Experimentica Ltd (E), Experimentica 
Ltd (R); Ramunas Valiokas, UAB Ferentis (S), UAB Ferentis (I), 
UAB Ferentis (P); Giedrius Kalesnykas, Experimentica Ltd (E), 
Experimentica Ltd (I), Experimentica Ltd (S), Experimentica Ltd (P), 
Experimentica Ltd (R), Experimentica Ltd (F)
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Program Number: 4338 Poster Board Number: A0139
Presentation Time: 11:00 AM–12:45 PM
Effect of Heartbeat and Respiration on Elastography 
Measurement Precision
Gongpu Lan1, Alexander Zotov1, Skyler Boehm1, Kirill Larin2, 
Michael D. Twa1. 1School of Optometry, University of Alabama at 
Birmingham, Birmingham, AL; 2Biomedical Engineering, University 
of Houston, Houston, TX.
Purpose: Optical coherence tomography (OCT) is commonly 
used for structural imaging and can resolve micron-scale features. 
Phase-sensitive detection (useful for elastography imaging) can 
improve the ability to resolve dynamic surface displacements from 
micron-scale to sub-nanometer scale. Here we address the impact of 
normal physiological movements (e.g. heartbeat and respiration) on 
corneal phase-sensitive OCT elastography (PhS-OCE) measurement 
precision.
Methods: Corneal PhS-OCE elastography imaging was performed 
with a low-force, micro-air-pulse tissue stimulator and a home-
built PhS-OCT to detect sub-micron corneal tissue displacements 
(0.24±0.07nm with a temporal resolution of 1.5μs). The axial 
position of the corneal apex was tracked during structural OCT 
imaging (axial resolution=3.3μm) over a total acquisition time of 
2-3 minutes. Dynamic tissue displacements (pointwise, M-mode) 
were measured at the corneal apex during elastography imaging in 
two healthy subjects at three different tissue stimulation pressures 
(20-60 Pa). Similar elastography measurements were performed on 
tissue phantoms (2% agar) to mimic the effects of breathing (±15 μm 
amplitude, 0.30 Hz) and oculocardiac pulsations (±5 μm amplitude, 
1.4 Hz), with 20Pa tissue stimulation.
Results: Frequency analysis showed that respiratory movements 
produced larger amplitude lower-frequency eye movements 
(15.9±10.2μm; 0.16±0.09 Hz) compared to oculocardiac pulsations 
(4.5±1.1μm; 1.11±0.15Hz). The coefficient of variation (CV) for 
in vivo measurements of corneal displacement ranged from 8-16% 
(n=68 total measures) and this was not associated with the magnitude 
of tissue stimulation or the resulting tissue displacement amplitude 
(0.22 to 0.65μm; n=58 measures). The observed elastography 
displacement for 2% agar phantoms that were subjected to simulated 
breathing motion was (mean±SD) –1.46±0.03 μm; CV: 2.1%. 
Displacement with simulated oculocardiac pulsation was –1.46±0.04 
μm; CV: 2.7%.
Conclusions: Low frequency (1-10 s) large magnitude (5-15 μm) 
movements have no observable effect on elastography measurement 
precision. The total acquisition time for PhS-OCE imaging is 1-10 ms 
duration with a sampling rate of 15μs. This reduces the influence of 
normal physiological movement artifacts on sub-micron displacement 
measurements.
Commercial Relationships: Gongpu Lan, None; Alexander Zotov, 
None; Skyler Boehm, None; Kirill Larin, None; Michael D. Twa, 
None
Support: NIH/NEI R01-EY022362, P30EY07551 and 
P30EY003039

Program Number: 4339 Poster Board Number: A0140
Presentation Time: 11:00 AM–12:45 PM
A novel experimental model for the comparison of tensile suture 
strength of various ophthalmic sutures and knots
Jimmy Y. Hu, Anurag Shrivastava, Roy S. Chuck, Joann Kang. 
Ophthalmology, Albert Einstein College of Medicine, Bronx, NY.
Purpose: Data comparing the tensile suture strength and the effect of 
knot tying techniques in ophthalmic surgery has been scarce. To our 
knowledge, there is no previously described or established method 
to quantitatively measure the strength of sutures used in ophthalmic 

surgery (sutures smaller than 7-0) in the literature. Here we describe a 
novel experimental model to investigate and compare the tension- 
at-failure of several common knot types for several common 
ophthalmic sutures.
Methods: In this in vitro experiment, a selection of commonly used 
ophthalmic sutures of varying materials (Vicryl, Nylon, Prolene, Silk) 
and of varying sizes (from 10-0 to 6-0) were tied using surgeon’s 
knots, square knots, and 3-1-1 knots. A digital force gauge was 
used to measure the tension (measured in Newtons, N) at failure 
of the knots being investigated for each type of suture. For each 
measurement, a 4cm length of suture wire was tied in loop around 
a jig and subsequently soaked in warmed 0.9% sodium chloride 
solution for 60 seconds to mimic in vivo conditions. The tied suture 
was then immediately transferred to the measurement apparatus (see 
Figure 1), connecting the digital force gauge oriented above a secured 
hook. The digital force gauge was then raised upwards lengthening 
the suture while continuously measuring load until failure occurred. 
Failure was defined as breakage of the suture or any tail slippage. 
Tension at failure was defined as the tensile force (N) measured at 
failure. Measurements were made in triplicate. Standard error was 
measured by two-tailed t-test.
Results: Expectedly, we found that the overall smaller diameter 
sutures were weaker regardless of the type of knot used. Furthermore, 
the suture material had a marked difference in the tension of failure. 
All sutures had a tension at failure of less than 5N.
Conclusions: Here we report a novel experimental model to perform 
the first quantitative comparison of suture strength of different suture 
types in an ophthalmic setting. Expectedly, suture material has a 
notable effect on overall tensile strength. More notably, the increased 
friction on the suture may affect the overall tensile strength of the 
suture, and should be taken into consideration by surgeons when 
placing sutures in varied and myriad applications.
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Figure 1: A tied suture was connected to the digital force gauge 
oriented above a secured hook.

Commercial Relationships: Jimmy Y. Hu, None; 
Anurag Shrivastava, None; Roy S. Chuck, None; Joann Kang, 
None
Support: Research to Prevent Blindness, Burde Education Fund

Program Number: 4340 Poster Board Number: A0141
Presentation Time: 11:00 AM–12:45 PM
2D Regional Inflation Strains in Porcine Cornea
Keyton Clayson1, 2, Xueliang Pan3, Elias Pavlatos1, Jun Liu1, 2. 
1Department of Biomedical Engineering, Ohio State University, 
Columbus, OH; 2Biophysics Interdisciplinary Group, Ohio State 
University, Columbus, OH; 3Center for Biostatistics, Ohio State 
University, Columbus, OH.
Purpose: To measure and compare the inflation response of the 
central, paracentral and peripheral cornea and sclera using high-
resolution ultrasound speckle tracking.
Methods: Ten porcine globes were tested within 48 hours 
postmortem. Whole globes were pretreated in 10% dextran solution, 
secured to a custom-built holder and immersed in 0.9% saline. The 
anterior chamber was infused with Optisol via a syringe pump to 
control intraocular pressure (IOP). Globes were preconditioned with 
20 pressure cycles from 5 to 30 mmHg and then equilibrated at 5 
mmHg for 20 minutes. IOP was raised in 0.5 mmHg steps between 
5-20 mmHg and 1 mmHg steps between 20-30 mmHg consecutively, 
with nasal-temporal images acquired at each step using a 50 MHz 
ultrasound probe (VisualSonics MS700). After acquiring images 
of the central cornea, the probe was translated peripherally and 
the procedure was repeated. Regional through-thickness and in-
plane strains were calculated using an ultrasound speckle tracking 
technique (Tang and Liu, ASME 2012). Linear mixed models with 
repeated measures were used to compare the strain between regions 
while accounting for the association of the measures at different 
regions in the same globe.
Results: Average through-thickness compressive and in-plane 
tensile strains for each region are shown in Figure 1. Maps of strain 
by region in a representative eye are shown in Figure 2. Through-
thickness compressive strains were not different in the central, 
paracentral and peripheral cornea (p>0.05 in all cases), while the 
anterior sclera had significantly less compression than the cornea 
(p<0.01). In-plane strains were significantly larger in the central and 
paracentral regions than the peripheral and scleral regions (p<0.05).
Conclusions: The porcine cornea showed a fairly similar through-
thickness compression from central to periphery, while in-plane 
stretch was smaller in the periphery. The anterior sclera had smaller 
deformation compared to the cornea in the same eye. Future studies 
will investigate the anterior coat in human eyes which may show a 
different profile due to the different collagen organization.
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Fig. 1: Average in-plane (a) and through-thickness (b) strains of n=10 
porcine eyes in different corneal regions and anterior sclera

Fig. 2: B-mode image of anterior globe with labeled regions (a) and 
through-thickness (top blue) and in-plane (bottom red) strain maps in 
the central (b) and peripheral (c) regions in a representative cornea at 
30 mmHg
Commercial Relationships: Keyton Clayson, None; Xueliang Pan, 
None; Elias Pavlatos, None; Jun Liu, None
Support: NEI R01EY025358
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Preparation of decellularized porcine cornea for corneal tissue 
engineering by supercritical carbon dioxide extraction technology
Yi-Hsun Huang1, Ming-Lung YEH2, Dar-Jen Hsieh3, Fang-
Wei Tseng3, I-Chen Peng1, Wen-Shin Chang2. 1Ophthalmology, 
National Cheng Kung University Hospital, Tainan, Taiwan; 
2Biomedical Engineering, National Cheng Kung University, Tainan, 
Taiwan; 3ACRO Biomedical Co., Ltd., Kaohsiung, Taiwan.
Purpose: To evaluate the stability and biocompatibility of 
decellularized porcine cornea that was prepared by supercritical 
carbon dioxide extraction (scCO2) technology.
Methods: Cornea was harvested from porcine eye ball and incubated 
in reverse osmosis water and 2M NaCl solution in sequential fashion 

for three times. The scCO2 extraction of porcine cornea was carried 
out using a high-pressure reaction apparatus. The decellularization 
of cornea was confirmed by histological study and quantitative assay 
of the residual DNA and glycosaminoglycans (GAGs). For in vivo-
testing, the decellularized corneal matrix of 300 μm thickness and 6.0 
mm diameter was transplanted onto a 6.0 mm diameter keratectomy 
wound in New Zealand White rabbits. Triton® X-100 treated corneal 
matrix was used as control. After eight weeks, the rabbit eyes were 
enucleated to examine the tissue compatibility of the implanted 
matrix.
Results: Histology results showed complete removal of cells. 
The processed corneas showed excellent biocompatibility in cell 
cultures. SDS-PAGE and western blot revealed the absence of cell 
marker proteins. The scCO2 processed porcine cornea showed good 
appearance in lamellar keratoplasty performed on rabbits. There were 
no epithelial defect, neovascularization, immunological reaction and 
rejection 8 weeks post transplantation.
Conclusions: The scCO2 extraction technology successfully produce 
an ideal scaffold that exhibited good biocompatibility both in vitro 
and in vivo for corneal tissue engineering.
Commercial Relationships: Yi-Hsun Huang; Ming-Lung YEH, 
None; Dar-Jen Hsieh, ACRO Biomedical Co., Ltd. (P); Fang-
Wei Tseng, ACRO Biomedical Co., Ltd. (P); I-Chen Peng, None; 
Wen-Shin Chang, None
Support: MOST 105-2314-B-006–020
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Effects of Diabetes Mellitus on Biomechanical Properties of the 
Rabbit Cornea
Fangjun Bao1, 2, XiaoBo Zheng2, YaRu Zheng1, QinMei Wang1, 2. 
1Eye Hospital, WenZhou Medical University, WenZhou, China; 2The 
institution of ocular biomechanics, WenZhou Medical University, 
WenZhou City, China.
Purpose: To investigate the effects of diabetes on the biomechanical 
behavior of cornea in alloxan-induced diabetic rabbits
Methods: Diabetes mellitus (DM) was induced in 20 rabbits using 
alloxan, while another 20 age- and weight-matched non-diabetic 
rabbits served as controls. Eyes were enucleated after 8 weeks of 
inducing diabetes and the whole cornea was removed with a 3mm 
wide scleral ring and tested under inflation conditions with an internal 
pressure range of 2.0 - 30.0 mmHg to determine their stress-strain 
behaviour using an inverse analysis process.
Results: The blood glucose level (BG), advanced glycosylation end 
products (AGEs), central corneal thickness (CCT) and intraocular 
pressure (IOP) increased significantly in the DM group. There were 
statistically significant correlations between BG and AGEs (r= 0.768, 
p= 0.00), and between AGEs and CCT variation upon induction of 
DM (r= 0.594, p= 0.00). The tangent modulus (Et) of the cornea at 
four stress levels (0.001 to 0.004 MPa, equivalent to approximately 
IOP of 7.5, 15, 22.5 and 30 mmHg, respectively) was significantly 
higher in diabetic rabbits than in the control group (p< 0.05). Further, 
Et at stress of 0.002 MPa (which corresponded to the average IOP for 
the control group) was significantly correlated with BG (r= 0.378, p< 
0.05), AGEs (r= 0.496, p< 0.05) and CCT variation upon induction 
of DM (r= 0.439, p<0.05). IOP, as measured by contact tonometry, 
was also significantly correlated with both CCT (r= 0.315, p<0.05) 
and Et at 0.002 MPa (r= 0.329, p< 0.05), and even after correcting for 
the effects of CCT and Et, IOP still significantly increased with both 
AGEs (r= 0.772, p= 0.00) and BG (r= 0.762, p= 0.00).
Conclusions: The cornea of diabetic rabbits showed a significant 
increase in mechanical stiffness as evidenced by increases in corneal 
thickness and tangent modulus. The Et increase may be explained by 
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a non-enzymatic cross-linking of collagen fibrils mediated by AGEs 
due to the high blood glucose levels in diabetes. The study also found 
significant IOP increases with higher blood glucose level even after 
controlling the effects of both corneal thickness and tangent modulus.
Commercial Relationships: Fangjun Bao; XiaoBo Zheng, None; 
YaRu Zheng, None; QinMei Wang, None
Support: Natural Science Foundation of Zhejiang Province 
(LY16H120005) and National Natural Science Foundation of China 
(81600712)
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Low-fluence-slow-irradiation corneal cross-linking induces the 
same biomechanical stiffening as the standard Dresden protocol
Farhad Hafezi, Sabine Kling. Laboratory of Ocular Cell Biology, 
University of Zurich, Zurich, Switzerland.
Purpose: Corneal cross-linking (CXL) protocols that are currently 
used clinically vary in intensity and time, but share the same total 
fluence of 5.4 J/cm2. Although this fluence is considered safe, 
reducing the UV fluence while maintaining biomechanical efficacy 
would be beneficial in two ways: it would further reduce radiation 
exposure, and it would allow to treat corneas thinner than 400 μm.
Methods: Thirty-four freshly enucleated porcine corneas were de-
epithelialized and soaked with 0.1%-hypoosmolar riboflavin solution 
during 30 minutes. Low-fluence-slow-irradiation CXL (30 min at 
1.5 mW/cm2, fluence 2.7 J/cm2) was compared to standard CXL (30 
min at 3 mW/cm2, fluence 5.4 J/cm2). Controls were soaked with 
riboflavin, but not exposed to UV light. Elastic (stress-strain) and 
viscoelastic (stress-relaxation) bi-dimensional testing was performed 
with a commercial stress-strain extensometer to quantify the 
biomechanical stiffening effect.
Results: Corneas cross-linked with low and standard UV intensities 
had a significantly (p<0.001) higher elastic modulus (65.9±15.7 
MPa and 67.1±15.6 MPa, respectively) when compared to controls 
(52.4±12.3 MPa). Also, the remaining stress after 120s of stress-
relaxation was significantly (p≤0.013) higher after CXL with low and 
standard UV intensities (159±21 kPa and 158±25 kPa, respectively) 
compared to controls (135±20 kPa). Between CXL conditions, no 
difference (p=0.64) was observed with low and standard intensities.
Conclusions: The UV fluence for CXL may be reduced while 
maintaining the biomechanical efficacy by using a lower UV intensity 
and the same irradiation duration. This may open alleys in the 
treatment of extremely thin corneas.
Commercial Relationships: Farhad Hafezi, None; Sabine Kling, 
None
Support: Gelbert Foundation, Velux Foundation
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Evaluation of topical corneal therapeutic tissue cross-linking 
(TXL) using sodium hydroxymethylglycinate (SMG) by intravital 
confocal microscopy in rabbits
Mariya Zyablitskaya, Anna Takaoka, Alexandra H. Scanameo, 
Daeryl E. Amponin, Leejee H. Suh, Stephen Trokel, 
Takayuki Nagasaki, David C. Paik. Columbia University, New York, 
NY.
Purpose: The success of riboflavin photochemical (CXL) corneal 
stabilization in keratoconus has proven that in vivo tissue cross-
linking can be used as an effective therapy. Several drawbacks 
remain, however, and include the need for epithelial debridement and 
the use of ultraviolet-A irradiation. The current study was undertaken 
to evaluate the safe use of a candidate topical therapeutic tissue cross-

linking (TXL) agent that is in current commercial use as a cosmetic 
preservative
Methods: Therapeutic tissue cross-linking using a 0.5-3% (40-
250mM) solutions of sodium hydroxymethylglycinate (SMG) was 
carried out on Dutch-belted rabbits (n=10) using 3 different methods, 
a corneal reservoir (CR), viscous eyedrop (VE), and drug-soaked 
hydrogel contact lens (CL). The longest treatment was carried out 
on a weekly basis (7 times over 7 weeks) using 250mM solutions 
applied for 5 minutes via CR. The effects were followed in real time 
using intravital confocal microscopy (HRT3-RCM)
Results: The parameters for non-toxic cross-linking treatments 
were defined for CR, VE, and CL (250mM X 5 minutes for CR, 
40mM twice daily for VE, and 40mM soaked etafilcon A (58% water 
content) CL applied for 15 minutes]. Confocal microscopy identified 
3 major patterns of keratocyte change, particularly prominent during 
prolonged treatment via CR (7 treatments over 7 weeks). Anterior 
stromal keratocyte death occurred within the first few days of the 
initial treatment, mid stromal keratocyte activation (spindle-like) 
occurred from weeks 1-3, and anterior stromal keratocyte activation 
(syncytial-like) occurred beginning at week 3. Corneal thickness, 
endothelial cell density, and epithelial defect changes were not 
significantly affected by any method of application
Conclusions: Topical application of a 3% SMG solution (for 5 
minutes) via a corneal reservoir method appears to be safe to the 
rabbit cornea and induces a wound healing response in the corneal 
stroma. Similar changes by confocal microscopy have been reported 
for CXL albeit at later time points. In addition, three different 
methods for safe topical application of SMG TXL solution are 
possible and include a CR, VE, and CL. These methods holds 
promise for clinical use since neither epithelial debridement nor UVA 
irradiation are necessary

HRT-RCM images for 2 corneal depths - control and treated eye over 
2,5 months period
Commercial Relationships: Mariya Zyablitskaya, None; 
Anna Takaoka, None; Alexandra H. Scanameo, None; 
Daeryl E. Amponin, None; Leejee H. Suh, None; Stephen Trokel, 
None; Takayuki Nagasaki, None; David C. Paik, None
Support: NCRR UL1RR024156, NEI P30 EY019007, NEI 
R01EY020495
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Outcomes of spatial modulation of UVA beam intensity to 
minimize delivered UVA energy in corneal crosslinking
Abhijit Sinha Roy, Rohit Shetty, Natasha Pahuja, Roshan T, 
Rashmi Deshmukh, Mathew Francis. Ophthalmology, Narayana 
Nethralaya, Bangalore, India.
Purpose: To evaluate the performance of different customized 
corneal crosslinking (CXL) methods
Methods: Four different customized CXL methods were evaluated 
in keratoconic eyes. These methods were as follows: (a) uniform 
intensity UVA beam (9 mW/cm2)  for 10 minutes; (b) sector based 
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UVA irradiation (Figure 1B); (c) concentric rings of UVA beam 
intensity centered at the steepest curvature of anterior axial map 
(Figure 1A); (d) same as (c) but centered at the steepest curvature of 
anterior tangential map. Peak UVA energy density in (b) and (c) (as 
well as (d)) didn’t exceed 15.0 and 10.8 J/cm2, respectively. 0.1% 
solution riboflavin solution was applied after epithelium removal. 
Corneal tomography and visual acuity was assessed before and 6 
months after CXL.
Results: The number of eyes in each treatment group was 12 to 14 
eyes. Only one eye per patients was included in the analyses. Average 
and peak energy density was lowest in method (d) [2.424±0.068 J/
cm2] and highest in (b) [8.316±0.392 J/cm2] (p<0.001). Treated area 
was lowest in method (d) [32.699±3.554 mm2] and highest in method 
(a) [63.63±0.00 mm2] (p<0.001). Maximum curvature decreased by 
a mean of 1.71, 1.51, 0.44 and 1.31D in method (a), (b), (c) and (d), 
respectively. Decrease in Pentacam overall deviation index (BAD-D) 
and cone location magnitude index was similar between all the 
methods (p>0.05). Decrease in curvature was similar among methods 
(a), (b) and (c) (p<0.05). Therefore, all curvature indices were 
normalized with the average UVA energy density and re-analyzed. 
Method (d) had the greatest decrease in curvature per unit energy 
dose to the cornea (p<0.05). Improvement in UDVA (0.081±0.056) 
and CDVA (0.041±0.026) per unit energy density was greatest in 
method (d) but required greater sample size for significance (p>0.05).
Conclusions: Method (d) appeared to provide maximum flattening 
and improvement in visual acuity. Further studies with larger sample 
size are needed to validate the findings of this pilot study.

Commercial Relationships: Abhijit Sinha Roy; 
Rohit Shetty, None; Natasha Pahuja, None; Roshan T, None; 
Rashmi Deshmukh, None; Mathew Francis, None

Program Number: 4346 Poster Board Number: A0147
Presentation Time: 11:00 AM–12:45 PM
Optimising biocompatibility of polymethyl methacrylate used for 
keratoprosthesis
Martina Miotto1, Ricardo M. Gouveia1, Miguel González-Andrades2, 3, 
Che J. Connon1. 1Institute of Genetic Medicine, Newcastle 
University, Newcastle upon Tyne, United Kingdom; 2Schepens Eye 
Research Institute, Boston, MA; 3Harvard Medical School, Boston, 
MA.
Purpose: Prosthesis are required to be highly biocompatible for 
maximized integration after implantation. This is particularly 
important for polymethyl methacrylate (PMMA), currently being 
used in keratoprosthesis but showing limited capacity in promoting 
adhesion and proliferation of cells. As such, we investigated the 
potential use of self-assembling, bio-active peptide amphiphile (PA) 
coatings as a strategy to bio-functionalize PMMA discs, for enhanced 
performance.
Methods: PMMA discs were coated with different PAs: 1) 
comprising the RGDS cell adhesion motif (RGDS-PA); 2) RGDS-
PA in a binary system with a diluent peptide (RGDS:ETTES-PA); 
or 3) comprising an enzyme-sensitive motif in a binary system 

(MMP/RGDS:ETTES-PA). After drying, topography and retention 
of coatings were evaluated by atomic force microscopy (AFM). 
Subsequently, human corneal stromal cells (hCSCs) were seeded 
and cultured on the coated discs in different culture conditions: with 
serum, serum-free, and serum-free supplemented with retinoic acid. 
The biocompatibility of PA-coated discs was then determined by 
quantifying cell growth and extracellular matrix (ECM) deposition 
compared to titanium discs (positive control). Cell adhesion, 
proliferation, and viability, were assessed through cell-tracker 
staining, Alamar Blue assay and live-dead double staining at day 3 
and 7, respectively.
Results: The concentration and density of each PA type used to 
coat PMMA discs were optimised for the subsequent cell cultures. 
Specifically, binary PA solutions (1.25×10-4 M) showed to promote 
hCSCs adhesion and proliferation at day 3 (33±2.6%), in both serum-
free conditions compared to uncoated controls and single RGDS-PA; 
while higher PA concentrations were shown to be toxic. Moreover, 
the use of serum enhanced the bio-performance of all surfaces, 
possibly due to cell activation and/or as a source of biochemical 
cues promoting cell attachment to the materials. Furthermore, the 
synthesis of ECM quantified through the Sirius Red assay at day 
16 showed (20±1.9%) increasing in collagen deposition from cells 
cultured on titanium discs respect to PMMA.
Conclusions: Our results suggested that binary PA coatings improved 
biocompatibility of PMMA. As such, PA coatings represent a 
promising strategy to bio-functionalize prosthesis. Thus, this strategy 
will be further tested in follow-up animal studies.
Commercial Relationships: Martina Miotto, None; 
Ricardo M. Gouveia, None; Miguel González-Andrades, None; 
Che J. Connon, None
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A diagnostic biomechanical framework to distinguish 
keratoconus and normal eyes using air-puff applanation
Pooja Khamar1, Mathew Francis2, RUSHAD SHROFF1, 
Natasha Pahuja1, Roshan T1, Rohit Shetty1, HIMANSHU MATALIA1, 
Abhijit Sinha Roy2. 1Cornea and refractive services, Narayana 
Nethralaya, BANGALORE, India; 2IBMS LAB, NARAYANA 
NETHRALAYA, BANGALORE, India.
Purpose: To develop a diagnostic classification score for keratoconus 
using waveform analyses of corneal deformation
Methods: 44 normal (44 patients) eyes, 62 suspect (fellow eyes of 
unilateral keratconus patient) eyes and 143 keratoconus (143 patients) 
were evaluated with Pentacam and Corvis-ST (OCULUS Optikgerate 
Gmbh, Germany). A spring and dashpot model (Matalia et al., J 
Ref. Surg., 2016; 32: 486-93) was used to derive corneal stiffness 
and other waveform derived variables. The model used segregated 
corneal and extra-tissue deformation from the total deformation 
amplitude (DA) reported by Corvis-ST. Based on the biomechanical 
model corneal stiffness was defined as linear [kc (constant)] and 
a non-linear measure [kc (mean)]. Multivariate linear regression 
analyses was performed. Area under the curve (AUC), sensitivity 
and specificity of the adjusted variables were obtained after including 
the suspect eyes in the keratoconus group. Cone location magnitude 
index (CLMI) was also calculated.
Results: Analysis showed peak DA (1.08±0.02 vs. 1.18±0.02), 
applanation 1 time (7.25±0.01 vs. 7.20±0.01 msec), applanation 2 
time (21.5±0.04 vs. 21.58±0.02 msec), kc (constant) [109.4±1.64 
vs. 98.37±1.33 N/m], kc (mean) [107.53±2.02 vs. 93.38 N/m] 
and corneal peak DA [0.95±1.95×10-2 vs. 1.01±1.12×10-2 N/m] 
were significantly different between normal and keratconus eyes 
(p<0.001). Calculated and measured parameters of the fellow eyes 



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.

(suspect) were similar to the keratconus group, particularly grade 1 
(p>0.05). The AUC was highest in kc (constant) and kc (mean) (0.97 
and 0.98 respectively) with sensitivity (>95%)and specificity (>88%). 
The logistic regression with the combination of kc parameters 
(constant and mean) improved AUC to1.0 (cut-off probability score 
of 0.82 between normal and keratoconus eyes including suspect eyes, 
99.2%, 100.0%).
Conclusions: The suspect as well as keratoconus eyes could be 
differentiated from normal eyes based on corneal stiffness accurately. 
Further studies with eyes from different populations are needed to 
validate the scoring system based on corneal stiffness.
Commercial Relationships: Pooja Khamar, None; 
Mathew Francis, None; RUSHAD SHROFF, None; 
Natasha Pahuja, None; Roshan T, None; Rohit Shetty, None; 
HIMANSHU MATALIA, None; Abhijit Sinha Roy, SIBAC grant, 
Indo-German Science and Technology center, India. (F), Cleveland 
Clinic Innovations , India (P)
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Corneal Structural Changes in Aniridia-Related Keratopathy 
Before and After Corneal Transplantation
Andre Vicente1, 2, Fatima Pedrosa Domellof1, Berit Byström1. 
1Department of Clinical Sciences - Ophthalmology, Umea University, 
Umea, Sweden; 2Visual Sciences Study Center, University of Lisbon 
- Faculty of Medicine, Lisbon, Portugal.
Purpose: To evaluate corneal changes in patients with aniridia-
related keratopathy (ARK) before and after corneal transplantation
Aniridia-related keratopathy (ARK) usually involves limbal stem 
cell-deficiency associated with epithelial impaired cell adhesion, 
corneal conjunctivalization and opacification.
Methods: Two corneal buttons from patients with advanced aniridia 
submitted to penetrating keratoplasty and three corneal buttons 
from patients with advanced keratopathy that underwent centered or 
decentered retransplantation, as well as corneas from healthy controls 
were processed for immunohistochemistry. Antibodies against 
collagen I and IV, tenascin-C, a11 integrin chain, laminin a3 chain, 
fibronectin along with markers of wound-healing and fibrosis, cell 
differentiation and proliferation, including Notch1 and its inhibitors 
Dlk1 and Numb were used.
Results: ARK corneas and retransplanted ARK corneas presented 
similar changes. The corneal epithelium was extremely irregular 
with marked variation in cell form and size. A fragmented epithelial 
basement membrane was present. The stroma was mainly affected 
in its anterior portion where lack of collagen I was noted. This 
disturbance of stromal architecture was accompanied by the presence 
of inflammation and proliferation markers in the same areas in ARK 
and retransplanted ARK corneas. The notch-inhibitor Dlk1 was 
detected in both ARK and retransplanted ARK corneas. Evaluation 
of retransplanted ARK corneas that were originally decentered 
transplants showed that regions initially including limbal stem cells 
presented similar changes to the recepient’s corneas of aniridia 
patients being transplanted for the first time.
Conclusions: Severe disorganization of the stromal layer was present 
in both the ARK corneas and retransplanted ARK corneas with 
pannus and fibrotic markers, indicating that the underlying defect 
in aniridia has an impact on the transplanted donor cornea’s stroma. 
The niche environment seems to be important for limbal stem cell 
survival and the altered Notch1 cell signaling pathway apparently 
plays a role in aniridia.
Commercial Relationships: Andre Vicente, None; Fatima Pedrosa 
Domellof, None; Berit Byström, None

Support: Supported by grants from Stiftelsen KMA, Cronqvists 
stiftelse, Ögonfonden, Swedish Research Council (2015-02438), 
County Council of Västerbotten (Cutting Edge Medical Research; 
Central ALF)
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Advanced glycation end products significantly contribute to 
central corneal nerve fiber loss – a study using 3D-multiphoton 
microscopy
Simone Baltrusch1, Annett Kott1, Janine Leckelt1, Florian Thomas1, 
Markus Tiedge1, Anselm G. Juenemann2, Oliver Stachs2. 1Institute of 
Medical Biochemistry and Molecular Biology, University Rostock, 
Rostock, Germany; 2Department of Ophthalmology, University of 
Rostock, Rostock, Germany.
Purpose: The cause of corneal nerve fiber loss as an early sign of 
diabetic neuropathy remains unknown. We tested the hypothesis 
that preferentially centrally localized corneal nerves are damaged 
using 3D-multiphoton microscopic visualization of the total mouse 
corneal nerve plexus in vivo. We performed experiments in healthy 
and diabetic thy1-YFP and RAGE knockout mice to learn about the 
impact of the advanced glycation end products (AGEs) - receptor of 
AGEs (RAGE) axis in corneal nerve fiber loss.
Methods: We investigated eyes of thy1-YFP and RAGE knockout 
mice (n = 5 per group) in vivo and ex vivo using an upright FVMPE-
RS multiphoton microscope (Olympus) equipped with an InSight DS 
Dual-OL fs-laser system (Spectra-Physics). Diabetes was induced 
by streptozotocin injections and confirmed by blood glucose, HbA1c 
and AGEs measurements. RAGE expression was quantified using 
RT-PCR.
Results: The total corneal nerve plexus was shown with high spatial 
resolution in thy1-YFP mice. The displayable quantity of subbasal 
nerve fibers including superficial terminals was comparable with ex 
vivo corneal whole mount analyses. The corneal nerve fiber length 
(CNFL) was significantly lower in the periphery than in the centre 
of the cornea (32.3 ± 1.4 vs. 58.6 ± 1.4 mm/mm2, p < 0,001). We 
used the second-harmonic generation signal of collagen fibers to 
distinguish between cornea and limbus. We observed nerve branching 
in the limbus supplying the subbasal plexus in the periphery. Diabetes 
(HbA1c 46.5 mmol/mol) significantly reduced (37.9 ± 1.3 mm/
mm2, p < 0,001) and insulin treatment (HbA1c 27.9 mmol/mol) 
restored (49.4 ± 1.7 mm/mm2, p < 0,001) the CNFL in the centre of 
the cornea, whereas the periphery remained unaffected. Significant 
higher RAGE expression was found in the cornea than in brain and 
liver. RAGE knockout mice showed only a minor 9.8 % reduction of 
the CNFL after diabetes manifestation (HbA1c 48.8 mmol/mol).
Conclusions: Our results confirm that diabetes affects corneal nerve 
fibers exclusively centrally but not peripherally. Significant RAGE 
expression in the cornea could explain the high susceptibility of 
corneal nerves to the increase in AGEs during diabetes manifestation. 
Further examination will be needed to test that peripheral corneal 
nerves are better protected against damage because of closed vicinity 
to the limbus.
Commercial Relationships: Simone Baltrusch, None; 
Annett Kott, None; Janine Leckelt, None; Florian Thomas, 
None; Markus Tiedge, None; Anselm G. Juenemann, None; 
Oliver Stachs, None
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Corneal Donor Tissue Evaluation with Optical Coherence 
Tomography Compared to Slit Lamp Examination
Christine Shieh1, S. Tammy Hsu2, Perry Isaac4, Sandra Stinnett2, 
Anthony N. Kuo2, 3. 1Vanderbilt Eye Institute, Nashville, TN; 
2Ophthalmology, Duke University School of Medicine, Durham, NC; 
3Biomedical Engineering, Duke University, Durham, NC; 4Miracles 
in Sight Eye Bank, Winston Salem, NC.
Purpose: A component of donor cornea evaluation is slit lamp 
examination (SLE). However, SLE requires subjective interpretation, 
especially when estimating the depth of cornea scars or lesions. More 
precise localization of lesion depth by optical coherence tomography 
(OCT) may allow corneas with small lesions to be used for lamellar 
procedures instead of being discarded (Figure A). In this study, we 
compared the characterization of lesions in donor corneas by OCT vs. 
SLE, particularly in regards to depth of the lesions.
Methods: 92 donor corneas from Miracles in Sight Eye Bank were 
identified by eye bank technicians on SLE to have cornea lesions, 
defined as scars or pathologic findings affecting stroma. Lesion depth 
was estimated by SLE as 1-25%, 25-50%, 50-75%, or 75-100% 
of total cornea thickness. OCT scans (1000 A scans x 100 radial 
B scans) were then taken of these same corneas in their storage 
containers. A masked grader identified findings on OCT and excluded 
non-pathologic findings (e.g., cataract incision) (Figure B). The 
grader then measured the depth of the lesions on the OCT image. 
OCT lesions were then compared to the recorded SLE lesions. A test 
of symmetry, percent agreement, and kappa were used to assess for 
agreement between the depth of cornea lesions detected on OCT vs. 
SLE.
Results: Estimation of lesion depth was significantly different 
between SLE and OCT (p< 0.0001 by test of symmetry, 
kappa=0.1372, percent agreement=44%). SLE was more likely to 
grade lesions as being deeper than OCT (48% vs. 7%, respectively). 
Percent agreement between SLE and OCT on the presence of lesions 
was 49% and Kappa = 0.129. In the 92 corneas, SLE detected 98 
lesions, whereas OCT detected 149 cornea findings, 24 of which were 
classified as cornea lesions.
Conclusions: Compared to OCT, SLE is more likely to estimate 
lesions as extending deeper into the cornea than OCT. As OCT has 
higher depth resolution to better localize and characterize lesions, 
determination of cornea tissue suitability for lamellar procedures may 
be helped using OCT. Further studies are needed to determine the 
reason for differences between OCT and SLE for lesion depth and 
presence; disparities in sensitivity and specificity for OCT and SLE 
respectively are potential sources for the disparity.

OCT images of two different donor corneas: (A) mid-stromal cornea 
lesion. (B) cataract incision scar.
Commercial Relationships: Christine Shieh, None; S. 
Tammy Hsu, None; Perry Isaac, Miracles in Sight (E); 
Sandra Stinnett, None; Anthony N. Kuo, Leica (P), ClarVista (C)

Program Number: 4351 Poster Board Number: A0152
Presentation Time: 11:00 AM–12:45 PM
Comparison of Aberrations before and after the treatment with 
Transepithelial Crosslinking vs Stromal Crosslinking technique 
in patients with Keratoconus
Adrian Escudero Rodriguez, Alejandro Navas, Enrique O. Graue-
Hernandez, Jesus Cabral, Ricardo Blas Medina, Juan Carlos Serna-
Ojeda. Instituto de Oftalmologia Conde de Valenciana, Ciudad de 
Mexico, Mexico.
Purpose: To evaluate higher order aberrations in patients with 
keratoconus, comparing to different crosslinking techniques in a 
follow up of 3 months.
Methods: Prospective, comparative, non-randomized, interventional 
study of 21 eyes of 15 subjects. CXL procedure using either stromal 
(12 eyes) or transepithelial (9 eyes) techniques was performed. 
The uncorrected distance visual acuity (UDVA), corrected distance 
visual acuity (CDVA), keratometric values, RMS and vertical coma 
were determine at baseline and 3 months postoperatively. STATA 12 
software and t-test were used for statistical analysis.
Results: A total 21 eyes with documented progressive keratoconus 
were included. The preoperative mean UDVA for CXL epi-off 
group was 0.67±0.36 logMAR, whereas for CXL epi-on group 
was 1.06±0.13.(p>0.05) Postoperative values for both groups were 
0.60±0.40 logMAR and 1.08±0.29 logMAR respectively.
Preoperative CDVA was in the epi-off group was 0.26±0.16 logMAR, 
with a mean value of 0.19±0.14 logMAR at 3 months postoperatively. 
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On the other hand the epi-off group went from 0.52±0.41 logMAR to 
0.37±0.27 logMAR after the procedure.
The mean keratometric values in the epi-off group changed from 
49.71±4.33 D (43.84-61.03) preoperatively, to 50.01±4.28 (44.69-
62.26) after CXL (p>0.05). On the other hand, in the epi-on group, 
baseline K values changed from 52.49±4.07 D (47.43-59.73) to 
52.67±4.09 D (47.3-60.67) without a significant change at 3 months 
post-op. (p>0.05)
Regarding aberrometric variables such as Root mean square (RMS) 
and vertical coma preoperative values for the stromal group were 
2.62±1.03 and 1.98±1.09 respectively and 2.88±0.79 and 2.46±0.66 
for the transepithelial group. Postoperative values were 2.41±0.98 
and 1.79±1.04 for the stromal group and 3.00±0.75 and 2.59±0.54 for 
the transepithelial group.
Conclusions: Results of CXL at 3 months show that both procedures 
are safe. Epi-off CXL may be effective in halting the progression 
of keratoconus and aberrometric changes due to ectatic disorders. 
Apparently, the aberrometric changes continue to increase in the 
epi-on technique although a larger sample and longer follow-up are 
needed.
Commercial Relationships: Adrian Escudero Rodriguez, 
None; Alejandro Navas, None; Enrique O. Graue-Hernandez, 
None; Jesus Cabral, None; Ricardo Blas Medina, None; Juan 
Carlos Serna-Ojeda, None
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Asymmetry between left and right eye in keratoconus patients 
increases with the severity of the worse eye
Berthold Seitz1, Corinna Spira-Eppig1, Karolina Papavasileiou1, 2, 
Themistoklis Tsintarakis1, Michael Lenhart1, Moatasaem El-
Husseiny1, Achim Langenbucher2, Timo Eppig2. 1Department of 
Ophthalmology, Saarland University Medical Center, Homburg, 
Germany; 2Institute of Experimental Ophthalmology, Saarland 
University, Homburg, Germany.
Purpose: In this retrospective cross-sectional study, we compared the 
left-right asymmetry in keratoconus (KC) to a healthy control group 
of candidates for refractive surgery. In addition, these differences 
were assessed in relation to the KC stage of the more severely 
affected “worse eye”.
Methods: We included patients with the diagnosis of KC on at 
least one eye according to Pentacam’s Topographic Keratoconus 
Classification (TKC≥0.5) and no history of ocular surgery. The 
control group comprised patients that had been scheduled for laser 
refractive surgery after the eyes had been classified as healthy. Main 
outcome measures include visual acuity (VA), refraction, topographic 
(Placido disk), tomographic (Pentacam) and biomechanical (Ocular 
Response Analyzer) parameters from each eye. Results were 
compared intra-individually and between the KC group and the 
control group. Eyes were labeled into “worse eye” and “contralateral 
eye” according to TKC. In case of equal TKC in KC and in the 
control group, the left eye was defined as “worse”.
Results: The study included preoperative datasets of 68 healthy 
refractive patients (35±13 years) and 353 datasets of KC patients 
(37±11 years). The age distribution was not significantly different 
(p=0.219). The KC group comprised significantly more male 
patients than the control group (72% vs. 39.7%, p<0.001). In 
KC the TKC staging was equal for both eyes in 13.9%, in the 
remaining eyes the right eye was found to be worse in 56.4%. 
Inter-lateral TKC differences (0-0.5/0.5-1/1-2/>2) were found in 
27.2%/17.6%/12.7%/28.6%, respectively. Mean difference in TKC 
was 1.2±1.0 stages. The inter-lateral differences of VA, refraction, 
topographic, tomographic and biomechanical parameters were 

significantly different from those of the control group (all p<0.023). 
A comparison between different TKC groups revealed an increase of 
asymmetry for most parameters with increasing KC severity of the 
worse eye.
Conclusions: We found that the left-right asymmetry is a frequent 
clinical feature in keratoconus which is evident with various 
diagnostic tools. The asymmetry of KC patients significantly differs 
from normal patients even in early stages of KC. The asymmetry is 
increasing with the severity of KC in the worse eye.
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Purpose: Topical application of a chemical cross-linking agent 
provides an alternative/adjunct to photochemical cross-linking (CXL) 
for altering the tissue properties of the cornea and/or sclera. We are 
in search of the ideal cross-linking compounds that can “fix tissue, 
but spare the cells.” This has led to the use of formaldehyde-releasing 
agents (FARs), commonly found as preservatives in cosmetics, to 
serve as formaldehyde (FA) delivery agents, but with much less 
toxicity than free formaldehyde. This study was undertaken in order 
to understand the conditions that can modulate FA release. The 
information gained will help to translate this technology into clinical 
practice.
Methods: Three FARs, sodium hydroxymethyl glycinate (SMG), 
diazolidinyl urea (DAU) and 1,3-dimethylol-5,5-dimethylhydantoin 
(DMDM) were studied for their FA release characteristics using a 
chromotropic acid assay. The basic NIOSH (National Institute for 
Occupational Safety and Health) procedure was followed. Using this 
simple colorimetric assay, we studied the effects of concentration, pH 
(1-10), buffer type (0.1N HCl, 100mM NaHCO3, dH2O) and time (up 
to 24hrs) on the release of free FA.
Results: FA release was not impacted by either pH or solution type 
(including unbuffered water). The main determinant of release was 
dilution factor (concentration) in which maximal release (expressed 
as a percentage of expected release) was noted at the lowest 
concentrations (sub-millimolar). Nearly 100% release was shown for 
SMG (1:1 theoretical FA release per mole SMG) and DMDM (2:1) 
and 60% for DAU (4:1) at concentrations of 100uM or less. In time 
dependent studies over 24 hours, detected FA levels dipped by ca. 
10% at 4 hours, returning to initial levels at 24 hours.
Conclusions: Concentration (dilution factor) was found to be the 
most important parameter governing the percent of FA released 
consistent with prior literature. This parameter reflects the potential 
that each compound has as a “delivery depot” for potential cross-
linking effects since millimolar concentrations of FARs can be 
applied safely to ocular tissues.
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