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ABSTRACT 

Screening for ocular diseases, such as glaucoma and keratoconus, includes measuring the eye-globe intraocular pressure (IOP) 
and corneal biomechanical properties. However, currently available clinical tools cannot quantify corneal tissue material 
parameters, which can provide critical information for detecting diseases and evaluating therapeutic outcomes. Here, we 
demonstrate measurement of eye-globe IOP, corneal elasticity, and corneal geometry of in situ porcine corneas with a technique 
termed applanation optical coherence elastography (Appl-OCE) with single instrument. We utilize an ultrafast phase-sensitive 
optical coherence tomography system comprised of a 4X buffered Fourier domain mode-locked swept source laser with an A-
scan rate of ~1.5 MHz and a 7.3 kHz resonant scanner. The IOP was measured by imaging the response of in situ porcine 
corneas to a large force air-puff. As with other noncontact tonometers, the time when the cornea was applanated during the 
inwards and outwards motion was correlated to a measure air-pressure temporal profile. The IOP was also measured with a 
commercially available rebound tonometer for comparison. The stiffness of the corneas was assessed by directly imaging and 
analyzing the propagation of a focused micro air-pulse induced elastic wave, and the corneal geometry was obtained from the 
OCT structural image. Our results show that corneal thickness decreased as IOP increased, and that corneal stiffness increased 
with IOP. Moreover, the IOP measurements made by Appl-OCE were more closely correlated with the artificially set IOP than 
the rebound tonometer, demonstrating the capabilities of Appl-OCE to measure corneal stiffness, eye-globe IOP, and corneal 
geometry with a single instrument. 
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1. INTRODUCTION 
Screening for ocular diseases, such as keratoconus [1] and glaucoma [2], typically entails measuring corneal geometry, eye-
globe intraocular pressure (IOP), and corneal biomechanical properties. For example, a hallmark of pathological keratoconus 
is a weak and thin cornea [3], and glaucoma is well correlated with an elevated IOP [2]. However, currently available clinical 
tools lack the ability to truly quantify corneal tissue material parameters, which can provide critical information for detecting 
diseases and evaluating the outcome of therapeutic procedures. Moreover, corneal biomechanical properties, eye-globe IOP, 
and corneal geometry are inter-related [4-7], so decoupling these parameters may not be entirely possible. Therefore, there is 
a need for a technique that can provide quantitative measurements of these critical parameters. Traditional elastographic 
techniques, such as ultrasound elastography [8] and magnetic resonance elastography [9] are proven powerful clinical tools. 
However, they require contact for excitation and have poor spatial resolution, which limits their applications for thin samples 
such as the cornea. Similarly, the “gold standard” of mechanical testing is contact-based and destructive, limiting its usefulness 
for corneal applications. Brillouin microscopy shows promise for microscale mapping of corneal biomechanical properties [10, 
11], but the link between the Brillouin shift and quantitative material parameters is still unknown. Optical coherence 

Optical Coherence Tomography and Coherence Domain Optical Methods in Biomedicine XXII, 
edited by Joseph A. Izatt, James G. Fujimoto, Valery V. Tuchin, Proc. of SPIE Vol. 10483, 

1048319 · © 2018 SPIE · CCC code: 1605-7422/18/$18 · doi: 10.1117/12.2288450

Proc. of SPIE Vol. 10483  1048319-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 05 Dec 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Tomsk State University Repository

https://core.ac.uk/display/336868017?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


tomography [12] based elastography, which is termed optical coherence elastography (OCE) [13, 14], is a powerful 
elastographic technique that overcomes the limitations of the aforementioned techniques. When combined with noncontact 
excitation and phase-sensitive detection, OCE can provide noncontact elastographic evaluation of the biomechanical properties 
of tissues. 

In this work, we demonstrate measurement of the eye-globe IOP, corneal elasticity, and corneal geometry with a technique 
termed applanation optical coherence elastography (Appl-OCE) that only needs a single instrument. Our results on in situ 
porcine corneas show that corneal thickness decreased as IOP increased, and that corneal stiffness increased with IOP. 
Moreover, the IOP as measured by Appl-OCE was better correlated with the artificially set IOP as compared to a commercially 
available rebound tonometer. 

2. METHODS 
Fresh whole porcine eye-globes (n = 3) were obtained fresh (Sioux-Preme Packing Co., IA, USA) and placed in a custom 
holder to prevent movement and for artificial IOP control. The eye-globes were cannulated with two needles. One needle was 
connected via tubing to a pressure transducer and the other needle was connected via tubing to a micro infusion pump. The 
system was controlled by Matlab (MathWorks, MA, USA) to form a close-loop feedback system [15]. 

A schematic of the experimental setup is shown in Fig. 1. The ultrafast phase-sensitive optical coherence tomography (PhS-
OCT) system was comprised of a 4X buffered Fourier domain mode locked (FDML) [16] laser with an A-scan rate of ~1.5 
MHz, central wavelength of 1316 nm, and bandwidth of 100 nm. A 7.3 kHz resonant scanner was utilized to rapidly scan the 
OCT probe beam across the sample. During the Appl-OCE measurement, the OCT probe beam was continuously scanned in 
a line across the apex of the corneas (B-M-mode imaging) [17]. Because the number of A-scans in each B-scan was divisible 
by 4, which was also the buffering factor of the FDML source, the same buffered sweep was used for each spatial position 
over time, enabling a phase stability of ~14 nm, measured in the cornea [18]. 

The IOP measurement technique is similar to that used by traditional noncontact tonometers [19]. A large displacement in the 
cornea with an air-puff produced by a rotary solenoid and plunger as seen in Fig. 2(a). During the inwards and outwards 
processes, there are times when the cornea is applanated (flat), such as at 1.4 ms and 15.3 ms after the air-puff in Fig. 2(a). We 
assume that at this position the force on the anterior surface of the cornea (i.e. the air-puff) equals the force on the posterior 
surface of the cornea (i.e. the IOP). These times when the cornea is applanated were then correlated to a measured temporal 
pressure profile of the air-puff. Due to the high frame rate of the PhS-OCT system, this dynamic process was imaged directly 
without any need for reconstruction or multiple excitations for a given measurement. However, three measurements were taken 
at each IOP for each sample to ensure repeatability and accuracy in the results. For comparison, IOP measurements were also 
made on the same samples with a commercially available rebound tonometer (TonoVet). Here, 5 repeated measurements were 
taken for each sample at each IOP. 

The stiffness of the cornea was quantified by inducing a low amplitude (< 10 µm) elastic wave in the cornea with a focused 
micro air-pulse [20, 21], which was then imaged directly by the ultrafast PhS-OCT system [17], again with a single shot and 
no need for multiple excitations as with previous methods. Four measurements were made for each IOP and on each sample. 
The propagation of the elastic wave is displayed at selected times after excitation in Fig. 2(b). The elastic wave group velocity 
was then quantified by a cross-correlation based algorithm [22]. The elastic wave propagation delays, as computed by cross-
correlation, were linearly fitted to the corresponding elastic wave propagation distances to compute the group velocity. The 
group velocity was then translated to Young’s modulus with the surface wave equation [23]. 
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Figure 1. Schematic of the experimental setup. ADC: analog to digital converter; APC: air-pulse controller; BB: BNC board; DAC: 
digital to analog converter; PC: polarization controller; PT: pressure transducer; RS: resonant scanner. 

3. RESULTS 
The results of the IOP measurements are plotted in Figure 3(a). At the artificially controlled IOPs of 10, 15, and 20 mmHg, 
Appl-OCE measured the eye-globe IOP as 7.9±2.4, 13.4±0.2, and 21.3±2.0 mmHg, respectively. The rebound tonometer 
measured the IOP as 5.9±2.5, 11.1±2.2, and 17.7±2.0 mmHg at 10, 15, and 20 mmHg as set by the IOP control system, 
respectively. Paired t-tests were performed on the IOP as measured by Appl-OCE and as measured by the rebound tonometer 
against the artificially controlled IOP. The results showed that the IOP measured by Appl-OCE was not significantly different 
(P=0.85) from the artificially set IOP. However, the IOP measured by the rebound tonometer was significantly different 
(P<0.001). The elasticity of the corneas as a function of artificially controlled IOP is plotted in Fig. 3(b). The Young’s moduli 
at 10, 15, 20 mmHg were 14.5±2.3, 50.0±2.0, and 158.8±31.8 kPa, respectively. The thickness of the cornea was also measured 
from the OCT structural image when there was no excitation, either from the air-puff or focused micro air-pulse. Using a 
constant refractive index of 1.376 [24], the central corneal thickness (CCT) at 10, 15, and 20 mmHg was 917±38, 1085±59, 
and 1064±25 µm. 
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Figure 2. (a) Applanation of a porcine cornea at an artificially controlled IOP of 10 mmHg at the indicated times after the air-puff 
stimulation. (b) Propagation of the air-pulse induced elastic wave in the same porcine cornea at 10 mmHg at the indicated times 
after air-pulse excitation. 
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Figure 3. (a) IOP measurement by Appl-OCE and a commercially available rebound tonometer (TonoVet). Paired t-tests were 
performed to determine if the measured IOP was significantly different from the artificially controlled IOP, and the results are 
indicated in the graph legend. (b) The Young’s modulus of the corneas as a function of IOP as quantified by the surface wave 
equation and Appl-OCE measured elastic wave group velocity. The P values of paired t-tests comparing the OCT-measured and 
rebound tonometer (TonoVet) IOP measurements to the artificially set IOP are indicated. 

4. CONCLUSIONS AND FUTURE WORK 
The presented Appl-OCE technique was able to measure changes in corneal geometry and stiffness as a function of IOP. 
Furthermore, Appl-OCE enabled measurement of the eye-globe IOP, and thus, may be useful as a screening device for ocular 
diseases due to its noncontact nature, high spatial and temporal resolutions, and need for only a single instrument. Our future 
work will involve building a more compact system, utilize a more robust elastic wave model, and the development of higher 
frequency excitations to minimize the influence of boundary conditions. 
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