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Ultrahigh-resolution OCT imaging of the anterior eye segment
Rene M. Werkmeister1, Sabina Sapeta1, Doreen Schmidl2, 
Gerhard Garhofer2, Leopold Schmetterer2. 1Med Physics and Biomed 
Eng, Medical University of Vienna, Vienna, Austria; 2Department 
of Clinical Pharmacology, Medical University of Vienna, Vienna, 
Austria.
Purpose: To test whether ultrahigh-resolution optical coherence 
tomography (UHR-OCT) can be employed for imaging of the 
anatomy of the anterior eye segement in healthy subjects and 
for visualization of morphological changes in various corneal 
pathologies.
Methods: An UHR-OCT system was applied for imaging of the 
anterior eye segement. The imaging device allowed to acquire OCT 
data at the central, paracentral and peripheral cornea as well as the 
limbal region with 1.2 µm x 20 µm (axial x lateral) resolution at a 
rate of 140 000 A-scans/s. Measurements were performed in healthy 
subjects to visualize and evaluate various tissue structures in the 
cornea and limbus with high resolution. Furthermore, several corneal 
pathologies such as Fuchs’ endothelial dystrophy, keratoconus as 
well as changes caused by Acanthamoeba keratitis and scarring after 
herpes keratitis were imaged.
Results: In 5 healthy individuals, based on the 3D data sets, average 
thicknesses of all corneal layers were measured as follows: central 
cornea 585 ± 65 µm, epithelium 55 ± 8 µm, Bowman’s layer 18 ± 3 
µm, Descemet’s membrane 10 ± 2 µm and endothelium 4.5 ± 1.1 µm. 
Futhermore, the basal layer of the epithelium could be visualized and 
its thickness (16 ± 2.2 µm) was measured. Measurements in patients 
allowed visualization of smallest morphological changes due to the 
pathology. In Fig. 1, guttatae in an early stage of Fuchs endothelial 
dystrophy can be seen. In a patient with Acanthamoeba keratitis, 
UHR-OCT revealed highly reflective dots corresponding to cysts in 
the anterior stroma (Fig. 2). Furthermore, radial keratoneuritis and 
changes in the Descemet’s membrane-endothelium-complex could 
be visualized. In addition, imaging in patients with keratoconus 
and herpes keratitis presented several characteristic morphological 
changes.
Conclusions: UHR-OCT allowed for visualization of the anterior eye 
segment ultrastructure and revealed morphological changes in the 
presented clinical cases that have, to the best of our knowledge, not 
been shown by any other OCT system before. It shows the potential 
of the non-invasive, non-contact OCT technology for gaining a better 
insight into the pathophysiology of the cornea and helping with 
clinical decision-making and follow-up of patients.

UHR-OCT of an early stage Fuchs’ endothelial dystrophy in a 60 
year old female patient.

UHR-OCT of a 45 year patient with Acanthamoeba keratitis 
revealing cysts in the anterior stroma.
Commercial Relationships: Rene M. Werkmeister, None; 
Sabina Sapeta, None; Doreen Schmidl, None; Gerhard Garhofer, 
None; Leopold Schmetterer, None
Support: Federal Ministry of Economy, Family and Youth, National 
Foundation of Research, Technology and Development; Heidelberg 
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The properties of the cornea based on hyperspectral imaging
Kaleena B. Michael1, siti salwa B. Md Noor2, Julius Tschannerl2, 
Jinchang Ren2, Stephen Marshall2. 1Glasgow Centre for Ophthalmic 
Research, NHS Greater Glasgow and Clyde, Glasgow, United 
Kingdom; 2Centre for excellence in signal and imaging, University of 
Strathclyde, Glasgow, United Kingdom.
Purpose: Hyperspectral Imaging (HSI) is a hybrid modality that 
combines imaging and spectroscopy. Here we investigate the 
ability of a hyperspectral device in extracting data from the layers 
in the porcine corneal tissue through the wavelength spectrum, in 
foreseeing its potential in clinical diagnostics by simplifying methods 
of examination by clinicians in detecting corneal injuries.
Methods: Hyperspectral imaging using 400 to 1000nm visible 
wavelength camera was used to scan five porcine eyes, containing a 
mix of eyes with intact and unintact epithelial layer.
Images were saved and analysed in three dimensional rows, columns 
and depth slices at 1200 to 1300 x 804 x 604 resolution. The Matlab 
image processing toolbox was utilised to process the images for 
inspection in grayscale, HSV format and reflectance spectrum.
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All laboratory works were performed in accordance with the general 
risk assessment of University of Strathclyde.
Results: The obtained hyperspectral images were able to demonstrate 
distinct differences through the wavelength. Images at longer 
wavelength reveal distinct shapes in regular arrangements, and could 
be descriptive of the physical properties of the corneal tissue in 
particular layers.
When comparing reflectance spectrum obtained from both eyes with 
intact and unintact epithelium, we were able to demonstrate distinct 
separation in reflectance values from 578 to 818nm wavelenghth.
Conclusions: Our analysis was able to demonstrate a gap in the 
reflectance spectrum between the intact and unintact epithelium of a 
porcine’s cornea, illustrating its potential value in the assessment of 
corneal tissue integrity.
Further image processing with grayscale slices reveal distinct tissue 
properties at varying wavelengths strongly suggests a novel role for 
hyperspectral image technology in the diagnostics of corneal tissues, 
alongside traditional methods such as microscopy. These findings 
support our proposition for the role of hyperspectral imaging in 
aiding the development of innovative, mobile devices.

Commercial Relationships: Kaleena B. Michael, None; siti 
salwa B. Md Noor, None; Julius Tschannerl, None; Jinchang Ren, 
None; Stephen Marshall, None
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Noncontact Quantitative Optical Coherence Elastography of the 
Cornea
Kirill Larin, Manmohan Singh, Zhaolong Han, Srilatha Vantipalli, 
Salavat Aglyamov, Michael D. Twa. University of Houston, 
Friendswood, TX.
Purpose: Various diseases, such as keratoconus, and therapeutic 
interventions, such as riboflavin corneal collagen crosslinking 
(CXL), can alter corneal biomechanical properties, resulting in 
changes of visual acuity. Hence, quantifying corneal biomechanical 
properties can provide critical information for detecting diseases, 
assessing corneal health and integrity, and evaluating the outcomes 
of therapeutic interventions. Here, we demonstrate optical coherence 
elastography (OCE) technique for noncontact quantifying corneal 
biomechanical properties.
Methods: Fresh porcine and rabbit whole eyes were used. In the 
porcine eyes, a focused micro air-pulse induced low-amplitude (≤ 10 
µm) elastic waves, which were detected by OCE system. The OCE 
measurements were repeated at various intraocular pressures before 
and after traditional CXL procedure. The corneal viscoelasticity 
was quantified by using Rayleigh-Lamb wave model, which 
incorporated the corneal thickness and fluid-structure interface. In 
the rabbit eyes, OCE technique was used to evaluate the outcomes of 
spatially selective CXL at a fixed IOP of 15 mmHg. A central ~2 mm 
diameter region of the corneas was masked during CXL, and a grid 
of co-focused OCE measurements was made on a 4 mm by 4 mm 
region across the apex of the cornea after CXL. The low amplitude 
relaxation process of the displacement was fitted to a kinematic 
model to quantify the damped natural frequency (DNF), which is 
directly linked to Young’s modulus.
Results: The CCT of the porcine samples decreased linearly 
as a function of IOP before and after CXL (P=0.028 and 0.005, 
respectively). The Young’s modulus also decreased linearly as 
a function of IOP before and after CXL (P=0.006 and 0.013, 
respectively). However, the shear viscosity did not change as 
a function of IOP before or after CXL (P=0.520 and 0.248, 
respectively). In the rabbit samples, the DNF clearly differentiated 
between the untreated and CXL-treated regions, with an increase in 
the mean DNF of ~68% (P<0.001) in all 4 samples.
Conclusions: CXL increased the stiffness of corneal tissue, but the 
Young’s modulus is also dependent on IOP. However, viscosity is 
not dependent on IOP and becomes more invariant as a function of 
IOP after CXL. Similarly, the spatially selective CXL procedure 
distinctly stiffened the unmasked region. Our results show that OCE 
is a powerful tool for quantitatively assessing corneal biomechanical 
properties completely noninvasively.
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Polarization sensitive imaging of the human cornea using 
different scanning geometries
Michael Pircher, Florian Beer, Andreas Wartak, Richard Haindl, 
Bernhard Baumann, Christoph K. Hitzenberger. Center for Med Pyhs 
& Biomed Eng, Medical University of Vienna, Vienna, Austria.
Purpose: To investigate the effect of different scanning geometries 
of the human cornea on intensity and polarization sensitive optical 
coherence tomography (OCT) data.
Methods: A polarization sensitive swept source OCT system 
operating at 1060nm central wavelength was used for imaging. 
The instrument is based on single mode fiber optics and provides 
an A-scan rate of 100kHz. 3D volumes consisting of 150B-scans 
(1024A-scans per B-scan) are recorded in less than 2 seconds. Two 
different scanning geometries for imaging the human cornea in vivo 
are investigated. Using parallel imaging beams and a new scanning 
approach that uses imaging beams that are nearly orthogonal to the 
corneal surface. This is introduced through the implementation of 
an aspheric condenser lens. The instrument provides information 
on intensity retardation, birefringent axis orientation and degree 
of polarization uniformity. Changes of these parameters can be 
associated with the microstructure of the cornea.
Results: Images recorded with the classical scanning pattern showed 
only good signal quality at the center and at the periphery (limbus) 
of the cornea (cf. Fig. 1A). The new scanning geometry resulted in 
images with high signal intensity over the entire field of view (cf. Fig. 
1B). Birefringence of the cornea originates from corneal fibrils that 
are contained in lamellae. The cornea consists of several lamellae that 
are preferentially orientated parallel to the corneal surface. The fibril 
orientation in depth changes roughly by 90 degrees from lamella 
to lamella. In contrast to other incident angles low net retardation 
is observed for beams that are orthogonal to the surface. Thus, 
retardation observed with the classical scanning pattern originates 
from the shape of the cornea. The new scanning geometry overcomes 
this effect. Hence, the presence of additional corneal fibril structures 
could be observed.
Conclusions: The new scanning pattern greatly enhanced the image 
quality of PS-OCT of the cornea. The orthogonal scan pattern reduces 
the influence of the corneal shape on the polarization sensitive data 

and allows the detection of additional fibrils that are present within 
the cornea.

Fig. 1. A):B-scan intensity image of the cornea recorded with the 
standard scanning pattern. B) B-scan intensity image recorded with 
the new scanning pattern. C) Transformed image of (B) resembling 
the true shape of the cornea
Commercial Relationships: Michael Pircher, None; Florian Beer, 
None; Andreas Wartak, None; Richard Haindl, None; 
Bernhard Baumann, None; Christoph K. Hitzenberger, None
Support: FWF; grant number: P26553-N20
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OCT topography: A novel, non-invasive method to analyze the 
Epithelium- Bowman’s interface in normal and keratoconic eyes
RUSHAD SHROFF1, Rachana C S2, Mathew Francis2, 
HIMANSHU MATALIA1, Rohit Shetty1, Abhijit Sinha Roy2. 
1REFRACTIVE AND CORNEA, NARAYANA NETHRALAYA, 
New Delhi, India; 2IBMS, Narayana Nethralaya Foundation, 
Bangalore, India.
Purpose: To quantify keratometry and wavefront aberrations of the 
anterior corneal surface (ACS) and Epithelium-Bowman’s layer 
interface (EBI) using anterior segment optical coherence tomography 
(OCT) in normal and keratoconic (KC) eyes
Methods: In this study, 25 normal and 25 KC eyes were 
retrospectively analyzed using undistorted OCT B-scans (12 scans) 
and Pentacam HR. Axial and tangential curvatures for OCT was 
calculated from the detected ACS and EBI edges on the B-scans. 
Similarly, curvatures of the same ACS were obtained from Pentacam 
(OCULUS Optikgerate Gmbh, Germany). Wavefront aberration 
was also analyzed by ray tracing and 6th order Zernike analyses on 
OCT (ACS and EBI) and Pentacam data (ACS only). Intra-class 
correlation coefficient (ICC) was used to assess agreements between 
the surfaces and between the devices. Paired t-test and ANOVA was 
used for statistical comparisons.
Results: ICC showed comparable outcomes for ACS curvatures 
and aberrations between OCT and Pentacam (>0.93 for keratometry 
and >0.7 for aberration). However, most of the axial and tangential 
curvatures for OCT EBI (Fig b) were steeper than the OCT ACS  
(Fig a). Paired comparison of ACS vs. EBI on normal eyes  
(Table 1) showed significance difference in defocus (p=0.01), 
spherical aberration (p=0.02) and astigmatism 0 (p=0.001) between 
OCT ACS and OCT EBI. Similarly, KC eyes showed significant 
difference in steep axis (p=0.002), max keratometry (p=0.001), coma 
90 (p=0.01), astigmatism 0(p=0.004), lower order (p=0.01) and 
higher order(p=0.02) root mean square (RMS) of aberrations (Table 
2). Within the normal and KC eyes group, difference between some 
of the EBI and ACS parameters achieved statistical significance 
(Table 3). Some of these parameters were steep axis (p=0.01) and 
max keratometry (p=0.02), coma 90 (p=0.03), lower order RMS 
(p=0.02) and higher order (p=0.04) RMS of aberrations (Table 3).
Conclusions: This study presents a novel, non-invasive method for 
“virtual de-epithelization” using OCT, where no physical removal 
of epithelium is required. Significantly steeper EBI than the ACS 
was measured with OCT. This tool can be useful for preoperative 
planning of trans-epithelial procedures and customized corneal 
collagen crosslinking.
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Isolated elevation of intraocular pressure and its impact on 
ocular aberrations in healthy eyes
Brittany Simmons1, Mengchen Xu2, 1, Qiuzhi Ji1, 4, Amy L. Lerner2, 3, 
Geunyoung Yoon1, 3. 1Ophthalmology, Flaum Eye Institute 
University of Rochester, Rochester, NY; 2Department of Mechanical 
Engineering, University of Rochester, Rochester, NY; 3Department 
of Biomedical Engineering, University of Rochester, Rochester, NY; 
4Institute of Optics, University of Rochester, Rochester, NY.
Purpose: To evaluate the feasibility of a non-contact method to 
temporarily elevate intraocular pressure (IOP) and to investigate the 
influence of an induced IOP on ocular aberrations.
Methods: Healthy volunteers (n=5) without a previous history of 
intraocular disease, trauma, or surgery were recruited for the study. 
An inversion table (Teeter Hang Ups, Puyallup, WA) was utilized 
to elevate IOP. Tono-Pen XL (Reichert, Buffalo, NY) was used to 
monitor the IOP of each subject’s right eye under three conditions: 
baseline (sitting upright) and two inversion angles of 135 degrees 
(D1) and 165 degrees (D2). A custom developed Shack-Hartmann 
wavefront sensor was then used to concurrently measure ocular 
aberrations under each condition. 0.5% tropicamide was used to 
dilate the pupil and paralyze accommodation prior to obtaining 
baseline measurements. Repeat measurements of ocular aberrations 
and IOP were taken at baseline and each inversion angle.
Results: A significant (P<0.01) increase in IOP was observed within 
1 minute after subjects achieved each inversion position. Repeat 
measurement confirmed a stable IOP elevation. From baseline to D1, 
IOP increased from 14.8 ± 1.9 mmHg to 23.7 ± 2.6 mmHg. A smaller 
increase was found from D1 to D2, with a highest IOP of 29.7 ± 3 
mmHg. When subjects returned to the baseline position, IOP returned 
to normal values within 1 minute. Changes in ocular aberrations 
induced by the elevated IOP were observed in radially symmetric 
term, defocus (Z2

0) and asymmetric terms including astigmatism (Z2
-2, 

Z2
2), trefoil (Z3

-3, Z3
3), coma (Z3

-1, Z3
1) and quadrafoil (Z4

-4) of the eye. 
For pupil sizes ranging from 6 to 8 mm, the total wavefront root mean 
squared (RMS) value was 0.96 ± 0.69µm from baseline to D1 and 0.6 
± 0.24µm from baseline to D2. The difference in RMS between D1 
and D2 was not statistically significant (P=0.80). In addition, a large 
inter-patient variability was observed in the magnitudes of changes in 
ocular aberrations among subjects.
Conclusions: In vivo IOP can be temporarily elevated in a safe, 
efficient, non-contact manner using an inversion table. IOP elevation 
caused significant changes in ocular aberrations in healthy eyes. 
Despite inter-subject variability, the statistically significant changes in 
the asymmetric wavefront aberrations might suggest spatially-varying 
collagen fibril distribution across normal human corneas.
Commercial Relationships: Brittany Simmons, None; 
Mengchen Xu, None; Qiuzhi Ji, None; Amy L. Lerner, None; 
Geunyoung Yoon, Bausch and Lomb (F), Ovitz (F), Ovitz (C), 
Johnson and Johnson (F), Coopervision (F)
Support: NIH/NEI EY014999; Research to Prevent Blindness
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In vivo confocal microscopy combined with slit lamp examination 
: A rapid diagnosis and therapeutic judgment methods in 
filamentous fungal corneal infection with culture negative 
patients
Hongmin Zhang, Xinyan Dou, Ke Yang, Shengtao Sun, Lei Han, 
Liya Wang. Henan Eye Institute & Henan Eye Hospital, Zhengzhou, 
China.
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Purpose: It is very important in Fungal keratitis (FK) to diagnose and 
treat the disease in the early time, but there is no immediate method 
for rapid diagnosis of fungal strains. So we study the In vivo confocal 
microscopy (IVCM) and slit-lamp (SL) image characteristics in 
filamentous fungal strains and provide the rapid diagnosis and 
therapeutic judgment methods in fungal culture negative patients.
Methods: Corneal specimens for Fungal culture, corneal IVCM 
and SL examination were performed in 993 cases of FK in Henan 
Eye Hospital from September 2013 to January 2014. Distribution of 
fungi strains and positive rate of fungal strains during fungal culture 
and corneal IVCM were compared. The characteristics of different 
filamentous fungi and different stages of one filamentous fungi in SL 
and IVCM were summarized.
Results: In the 993 cases, diagnostic positive rate in IVCM group 
(82.07%) was significantly higher than that in fungal culture group 
(43.20%) (P<0.01). The positive rate of IVCM (92.31%) in 429 
fungal culture positive cases was higer than that (74.29%) in 564 
fungal culture negative cases (P<0.01). Aspergillus. was the most 
common genus, accounting for 50.12% among 429 fungal culture 
positive cases, followed by Fusarium sp. and Altemaria sp.(18.18% 
and 10.49%). There was no significant difference between fungal 

culture and IVCM in fungal species distribution in 429 cases  
(P >0.05). The characteristics of SL and IVCM are different in 
different fungi. The Aspergillus infection looks like a plume corneal 
ulcer, The Aspergillus sp. hyphae are thin and line-shaped with 
high reflective light, about 3-4 microns in diameter and less branch 
in IVCM. Fusarium sp. infection was toothpaste-like corneal 
infiltration, mycelium showed a long rod-like high-reflective, long 
line-shaped, about 3-5 microns in diameter and less branch in IVCM. 
Alternaria alternate sp. corneal infection showed nevus lesions, 
hyphae were high-reflective, long rod-shaped or string beads like, 
with about 5-6 µm diameter and less branches in IVCM.If the 
drug treatment is effective, mycelium rupture, shorter, thinner, and 
reflective weak.
Conclusions: Our study demonstrated that IVCM combined with 
SL examinationthe is a rapid diagnosis and therapeutic judgment 
methods in filamentous fungi corneal infectionin with culture 
negative patients.
Commercial Relationships: Hongmin Zhang, None; Xinyan Dou, 
None; Ke Yang, None; Shengtao Sun, None; Lei Han, None; 
Liya Wang, None


