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ABSTRACT

Dynamic optical coherence elastography (OCE) techniques have shown great promise at quantitatively obtaining the
biomechanical properties of tissue. However, the majority of these techniques have required multiple temporal OCT
acquisitions (M-B mode) and corresponding excitations, which lead to clinically unfeasible acquisition times and
potential tissue damage. Furthermore, the large data sets and extended laser exposures hinder their translation to the
clinic, where patient discomfort and safety are critical criteria. In this work we demonstrate noncontact true kilohertz
frame-rate dynamic optical coherence elastography by directly imaging a focused air-pulse induced elastic wave with a
home-built phase-sensitive OCE system based on a 4X buffered Fourier Domain Mode Locked swept source laser with
an A-scan rate of ~1.5 MHz. The elastic wave was imaged at a frame rate of ~7.3 kHz using only a single excitation. In
contrast to previous techniques, successive B-scans were acquired over the measurement region (B-M mode) in this
work. The feasibility of this method was validated by quantifying the elasticity of tissue-mimicking agar phantoms as
well as porcine corneas ex vivo at different intraocular pressures. The results demonstrate that this method can acquire a
depth-resolved elastogram in milliseconds. The reduced data set enabled a rapid elasticity assessment, and the ultra-fast
acquisition speed allowed for a clinically safe laser exposure to the cornea.
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1. INTRODUCTION

The biomechanical properties of tissues can provide critical information for detection of diseases. For example,
keratoconus structurally degenerates the cornea, leading to significant reduction of visual quality or even complete
blindness [1]. Other diseases, such as atherosclerosis [2], fibrosis [3], and cancer [4], can also alter biomechanical
properties of tissues. Hence, physicians have been utilizing manual palpation as a technique to detect malignancies.
However, manual palpation is subject and a quantitative technique would provide an objective basis for detecting
diseases by changes in tissue biomechanical properties.

Therefore, various elastographic techniques have been developed to image mechanical contrast in tissues. Ultrasound
elastography (USE) [5] and magnetic resonance elastography (MRE) [6] are valuable clinical techniques for detecting
diseases such as breast cancer [7] and hepatic fibrosis [3]. These techniques rely on externally induced deformations,
which are then detected by the parent imaging modality. However, USE and MRE require relatively large displacement
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amplitudes and cannot provide micrometer-scale spatial resolutions, both of which inhibit their use for small and thin
samples, such as the cornea.

The Ocular Response Analyzer and CorVis are two commercially available products capable of evaluating corneal
biomechanical properties [8, 9]. Both devices measure the corneal response to a large amplitude air-puff. However, the
large amplitude of the deformation (millimeter scale) induces a nonlinear response and subsequent nonlinear
measurement, which is then used to characterize corneal biomechanical properties. Although some investigations have
shown that the ORA can measure the onset and severity of disease [8], others have shown that the ORA cannot correctly
detect eyes suspect of keratoconus [10]. Furthermore, the CorVis showed no difference in eyes before and after collagen
cross-linking [11]. Brillouin microscopy can map the Brillouin shift in tissue with micrometer-scale spatial resolution
with no external excitation. However, accurately quantifying Young’s modulus from the Brillouin shift is still a
challenge [12].

The elastographic functional extension of optical coherence tomography (OCT) [13], termed optical coherence
elastography (OCE), is an emerging technique which utilizes the superior spatial resolution of OCT as compared to USE
and MRE [14, 15]. By analyzing the phase of the complex OCT signal, displacement sensitivity can reach the nanometer
scale [16]. This enables the use of minimal force, ensuring the preservation of the structure and function of delicate
tissues such as the cornea. The advantages of OCE have been demonstrated for characterizing the elasticity of
bioengineered tissue [17], tissue margin detection [18], and assessing the depth-resolved micrometer-scale elasticity of
the cornea [19]. Combining OCE with a noncontact stimulus method such as an air-pulse allows for a noninvasive
method of characterizing the elasticity of a sample [20].

The development of Fourier domain mode-locked (FDML) swept source lasers [21, 22] has enabled ultra-fast OCT
imaging, which when combined with graphics processing unit (GPU) accelerated software [23], has enabled real-time
video-rate OCT imaging [24, 25].

OCE has been able to reach kilohertz equivalent frame rates by synchronizing stimulations with M-mode images [26,
27]. We have previously developed a noncontact dynamic OCE technique called shear-wave imaging OCE (SWI-OCE)
to assess the elasticity of hyaline cartilage [28], cardiac muscle [29], soft tissue tumors [30], and the cornea [31] by
analyzing various parameters of an air-pulse induced elastic wave. While we were able to achieve an equivalent kilohertz
frame-rate (equal to the A-scan rate of the system), this technique required multiple excitations and M-mode acquisitions
for a single measurement. This led to clinically unfeasible acquisition times of a few minutes, which also resulted in
exceeding the MPE limit for most tissues. In this work, we report a noncontact phase-sensitive OCE technique with a
true kilohertz frame-rate by directly imaging the propagation of an air-pulse induced elastic wave. A single focused air-
pulse induced low amplitude (micrometer-scale) elastic waves in tissue-mimicking agar phantoms of various
concentrations. The elasticity was quantified by translating the group velocity to Young’s modulus. The results were in
reasonable agreement with the stiffness as obtained by uniaxial mechanical compression testing, demonstrating the
feasibility of this technique. After these pilot experiments, this technique was tested on an in situ porcine cornea in the
whole eye-globe configuration at various intraocular pressures (IOP).

2. MATERIALS AND METHODS

Tissue-mimicking agar phantoms of various concentrations (1%, 1.5%, and 2%, w/w, n=3 for each concentration) were
cast as samples of varying elasticities. To increase scattering in the near infrared, ink was added.

The home-built phase-sensitive optical coherence elastography (PhS-OCE) system was a combination of a ~7.3 kHz
resonant scanner (Electro-Optical Products Corp., NY, USA), phase-sensitive optical coherence tomography (PhS-OCT)
system, and a focused air-pulse delivery device. A schematic of the experimental setup is shown in Fig. 1. The PhS-OCT
system was comprised of an FDML swept source laser (OptoRes Gmbh, Munich, Germany) with an A-scan rate of ~1.5
MHz, central wavelength of 1316 nm, scan range of 100 nm, and output power of up to 160 mW. The axial resolution of
the system was ~16 pum, the sensitivity of the system was 106 dB, and the phase stability was ~14 nm in air. The air-
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pulse device consisted of an arbitrary waveform generator that output a 2 ms wide square pulse to a voltage amplifier,
which in turn powered an electronically-controlled pneumatic solenoid. The waveform generator was synchronized with
the acquisition trigger of the PhS-OCE system to ensure proper synchronization and acquisition of the elastic wave. The
air-port tip was kept ~250 pm from the surface of the sample and had a flat edge and inner diameter of ~150 um.

A focused air-pulse induced a low amplitude deformation (um scale) in the sample, which then propagated as an elastic
wave [32]. The elastic wave was then directly imaged by continuously acquiring B-scans (B-M-mode) in a ~4 mm line
along the elastic wave propagation path for ~30 ms. Only the linear region of the scan was utilized, and only the forward
scan was utilized to eliminate scanning hysteresis artifacts. Immediately after the OCE measurements, the stiffness of the
phantoms was assessed by uniaxial mechanical testing (Model 5943, Instron Corp., MA, USA) [33].
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Figure 1. Schematic of experimental system. ADC: Analog-to-digital converter. DAC: Digital-to-analog converter.

The phase data was masked from the intensity image to remove the influence of poorly scattering pixels. The intensity
image was used to identify the surface of the sample for motion and refractive index compensation [34]. The temporal
vertical displacement profiles at the surface, dy,fuc(f), were translated from the raw unwrapped surface vertical temporal
phase profiles, g uc(?), by:

A
d. f)=—"X (D), 1
5urface( ) A7n gpsurface( ) ( )

air

and the displacement profiles inside the sample, d;,..(f), were calculated from the phase profiles inside the sample,
(oinside(t)s by

A
dinside (t) = 4 . X |:¢inside (t) + ¢su}_’ﬁzce (t) X (nsample - nair ):| . (2)
sample
The phase profiles were obtained from the phase differences between successive B-scans [26].

The elastic wave group velocity was determined by cross-correlation analysis. For each imaged in-depth layer, cross-
correlation was performed between a reference position near the excitation and each transverse measurement position
(n=75). The resulting temporal elastic wave propagation delays were then linearly fitted to the corresponding
measurement distances, and the velocity was obtained from the slope of the fit [28, 29]. This process was repeated for
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each imaged in-depth layer to obtain the group velocity as a function of depth. The velocities were then averaged depth-
wise, and the Young’s modulus was quantified by the surface wave equation from the group velocity, ¢,, by [30, 32]:

__2p(t+v)’ 2
(0.87+1.12v)* ¢’

€)

where p=1000 kg/m’ was the sample material density and v=0.49 was the Poisson’s ratio to account for the nearly
incompressible nature of the samples.

Because the acquisition time was a few dozen milliseconds, 10 measurements were taken over different areas of each
phantom (but still centrally located), and the results were averaged sample-wise.

After the preliminary experiments on the agar phantoms, the elasticity of an in sifu porcine corneal sample was measured
as function of intraocular pressure (IOP). A whole fresh juvenile eye (J&J Packing Corp., TX, USA) was placed in a
home built holder. The eye globe was cannulated with two 23G needles for artificial IOP control [35]. Here, 3
measurements were taken for each IOP (10, 15, and 20 mmHg) over the same region and the elasticity was quantified by
Equation (2) as well with p=1062 kg/m’ for the cornea [36].

3. RESULTS

Figure 2 shows the propagation of the air-pulse induced elastic wave in the agar phantoms at ~1.2 ms after excitation.
Clearly, the elastic wave propagates faster as the agar concentration (and stiffness) increases.
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Figure 2: Air-pulse induced elastic wave propagation at 1.2 ms after excitation in agar phantoms of various concentrations.

Figure 3(a) shows the depth-wise group velocities from typical samples of each concentration. Figure 3(b) shows the
comparison of the elasticity of the agar phantoms of various concentrations as estimated by OCE using Equation (3)
compared to the stiffness as measured by mechanical testing (MT). The Young’s moduli of the 1% phantoms were
11.0+0.6 kPa and 11.0 +0.7 kPa as assessed by OCE and MT, respectively. For the 1.5% phantoms, the stiffness was
27.2+1.0 kPa as estimated by OCE and 17.6+4.4 kPa as measured by MT. The Young’s modulus of the 2% phantoms
was 60.9+7.3 kPa as quantified by OCE and 55.1£15.8 kPa as assessed by MT. As expected, stiffness increased along
with agar concentration.
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Figure 3: (a) Depth-wise group velocity of the air-pulse induced elastic wave in a typical sample from each concentration. (b) Young’s
modulus, E, of the phantoms of various concentrations as assessed by OCE using Equation (2) and as measured by uniaxial
mechanical compression testing (MT).

Figure 4 plots the elasticity of the in situ porcine cornea at various IOPs as quantified by OCE utilizing Equation (2). The
Young’s modulus of the porcine cornea was estimated as 2.1+0.1 kPa, 4.9+1.0 kPa, and 15.7£5.1 kPa at 10, 15, and 20
mmHg IOP, respectively.
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Figure 4: Young’s modulus, E, of an in situ porcine cornea at various IOPs as assessed by OCE using Equation (3).

4. DISCUSSION

The elasticity of the phantoms and cornea was quantified using the surface wave equation (3). While it can provide a
reasonable first order elasticity estimate [33], the surface wave equation cannot accurately replicate the true nature of the
elastic wave, particularly in the cornea. Additionally, both the agar phantoms and cornea exhibit a non-linear stress-strain
curve [33, 37], making accurate elasticity measurements difficult as obtaining the true strain encountered during the air-
pulse OCE measurements is still a challenge. Nevertheless, the OCE technique demonstrated in this work allows for
reasonable elasticity estimates as compared to MT. The corneal OCE results corroborate with previous OCE findings in
the porcine cornea at similar conditions [38] and fall within the elasticity range reported in the literature under various
conditions and with different measurement techniques [39-41].

Shear wave OCE at a true kilohertz frame-rate has been previously demonstrated using a 2D full-field OCT system with
four-step phase shifting [42]. However, the sample must be translated to obtain information from different depths,
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whereas the presented technique could be combined with spectral analysis to obtain depth-resolved elasticity information
[19], albeit with fewer spatial pixels but at a similar frame-rate.

The relatively large variance in the corneal results at 20 mmHg is mainly due to the limited number of spatial and
temporal pixels available for quantifying the group velocity. There is an intrinsic trade-off between spatial and temporal
resolution as more lateral pixels would result in a lower frame-rate, but this technique was still able to quantify the
Young’s modulus at an ultra-high frame-rate. The frame-rate in the presented technique could be doubled by utilizing
both directions of the scanner, and more spatial pixels could be utilized by spatially re-sampling the data after proper
calibration rather than utilizing only the linear scan region. Incorporating both of these improvements is currently in
progress. Due to the single excitation and very brief acquisition time, the ANSI Z136.1 MPE limit for the cornea was not
exceeded. Additionally, this technique was able to perform a single measurement and post-processing in under 5
minutes, which could be reduced to near real-time with GPU accelerated OCE [43].

5. CONCLUSIONS

We have shown a noncontact true kilohertz frame-rate phase-sensitive OCE technique. The feasibility of this technique
was first demonstrated on tissue-mimicking agar phantoms of various concentrations and the results corroborated with
uniaxial mechanical testing. The elasticity of an in situ porcine cornea in the whole eye-globe configuration was then
tested at various artificially controlled IOPs, and the results show that the elasticity of the cornea increases as a function
of IOP.
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