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Abstract

Shear-wave imaging optical coherence elastography (SWI-OCE) is an emerging method for 3D
quantitative assessment of tissue local mechanical properties based on imaging and analysis of
elastic wave propagation. Current methods for SWI-OCE involve multiple temporal optical
coherence tomography scans (M-mode) at different spatial locations across tissue surface (B- and
C-modes). This requires an excitation for each measurement position leading to clinically
unacceptable long acquisition times up to tens of minutes. In this Letter, we demonstrate, for the
first time, noncontact true kilohertz frame-rate OCE by combining a Fourier domain mode-locked
swept source laser with an A-scan rate of ~1.5 MHz and a focused air-pulse as an elastic wave
excitation source. The propagation of the elastic wave in the sample was imaged at a frame rate of
~7.3 kHz. Therefore, to quantify the elastic wave propagation velocity in a single direction, only a
single excitation was needed. This method was validated by quantifying the elasticity of tissue-
mimicking agar phantoms as well as of a porcine cornea ex vivo at different intraocular pressures.
The results demonstrate that this method can reduce the acquisition time of an elastogram to
milliseconds.

It is well known that biomechanical properties of tissues can be altered by many diseases
such as cancer [1], atherosclerosis [2], and keratoconus [3]. Therefore, assessing the local
biomechanical properties of tissues may further aid in the detection and monitoring of
disease progression and improve the effectiveness of therapeutic interventions. Thus, there is
a great demand for the development of noninvasive elastographic methods that combine an
external loading force with an imaging modality, such as magnetic resonance elastography
(MRE) [4] and ultrasound elastography (USE) [5]. However, MRE and USE methods
require large displacements or contact-based excitation. Furthermore, the limited spatial
resolution inhibits use in applications where highly localized information is required or
small-amplitude deformations are needed, such as in the case of ocular tissues.
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Optical coherence tomography (OCT) is a well-established imaging technique with um
spatial resolution and imaging depth of a few millimeters in tissue [6]. Recently, Fourier
domain mode-locked (FDML) lasers [7] and graphics-processing unit (GPU) accelerated
software [8] have enabled video-rate volumetric imaging. OCT is a staple in ophthalmology
[9] and is actively being developed for other clinical applications such as cardiology [10].
By combining the superior spatial resolution of OCT with external loading, optical
coherence elastography (OCE) [11] can provide localized mechanical information with pm
spatial resolution [12]. Furthermore, by utilizing the phase of the complex OCT signal,
displacement sensitivity can reach the nm scale [13]. The advantages of OCE have been
demonstrated for tissue margin detection [14], engineered tissue characterization [15], and
depth-resolved assessment of corneal elasticity [16].

Previously, OCE has been able to achieve high equivalent frame rates of several kilohertz but
required multiple stimulations and loading source synchronization [17,18]. In our previous
work, we have developed shear-wave imaging optical coherence elastography (SWI-OCE),
which is a noncontact method of assessing the mechanical properties of soft tumors [19],
cardiac muscle [20], hyaline cartilage [21], and the cornea [22] utilizing multiple parameters
obtained from the elastic wave propagation, such as velocity, attenuation, and spectral
analysis. We were able to achieve “kilohertz-equivalent” frame rates, but this method
required point-wise M-mode scanning and air-pulse excitation for each OCE measurement
position. This resulted in a total acquisition time of up to tens of minutes, which is not
feasible for many clinical applications. In this work, we present the first report of noncontact
true kilohertz frame-rate phase-sensitive optical coherence elastography. A single focused
air-pulse was used to induce an elastic wave in tissue-mimicking agar phantoms of various
concentrations and porcine cornea ex vivo. The elastic wave was imaged directly by a home-
built phase sensitive OCE system, and the group velocity of the elastic wave was translated
to Young’s modulus. The OCE-based values were validated by uniaxial mechanical testing
system.

Tissue-mimicking agar phantoms (Difco nutrient agar, Beckton, Dickinson and Company,
Sparks, Maryland, USA) of various concentrations (1%, 1.5%, and 2% w/w, n= 3 of each
concentration), with ink for increased scattering (in NIR), were first used for validation of
the technique. The OCE system was comprised of a phase-sensitive OCT system, ~7.3 kHz
resonant scanner (Electro-Optical Products Corp., New York, USA), and a home-built air-
pulse delivery system. Briefly, the OCT system was composed 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, output power up to 160 mW, axial resolution
of ~16 um, sensitivity of 106 dB, and phase stability of ~14 nm in air. An arbitrary
waveform generator was synchronized with the OCT system and output a 2-ms wide square
pulse to a voltage amplifier. The amplifier drove an electronically controlled solenoid that
expelled the air-pulse through a cannula port with an inner diameter of ~150 pm and a flat
edge. The tip of the air-port was kept ~250 um from the surface of the sample to reduce the
influence of any near-field effects. A schematic representation of the OCE setup can be seen
in Fig. 1.
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A focused air-pulse was delivered to the sample surface and induced a small deformation
(um scale), which then propagated as an elastic wave through the sample [23]. The elastic
wave was imaged by the OCT system by continuous B-scans of ~4 mm along the elastic
wave propagation path (B-M mode) for ~30 ms, and only the linear scan region of the
scanner was utilized for calculations. Immediately after the OCE measurements, the
elasticity of each agar phantom was measured by a uniaxial mechanical testing system
(Model 5943, Instron Corp., Massachusetts, USA).

The OCE phase data was corrected for surface motion and the refractive index mismatch
between air and the sample [24]. The corrected phase data was converted to displacement by

where ¢(2 was the temporal phase profile obtained from the phase difference between
successive B-scans [25], and Ag was the central wavelength of the OCT system.

The elastic wave group velocity was determined by cross-correlation analysis of the
normalized temporal displacement profiles of each OCE measurement position (n= 75) for a
given imaged in-depth layer [21]. The subsequent propagation delays were linear fitted with
the corresponding distances of the OCE measurements positions to calculate the elastic wave
group velocity. Figure 2(a) presents typical depth-wise velocities of a 1%, 1.5%, and 2%
agar phantom sample from a single measurement. The velocities were then averaged and
used to quantify sample elasticity using the surface wave equation [19,23]

_ 2p(1+v)° 2
(0.87+1.120)* 7" (9

where p = 1000 kg/m3 was the sample density, v =0.49 was Poisson’s ratio to account for
the near incompressibility of the agar phantoms, and ¢, was the elastic wave group velocity.
This equation does not represent the true complexity of elastic wave in the cornea and was
used here for its simplicity, which allows for rapid elasticity estimation.

Because the acquisition time for each OCE measurement was ~30 ms, multiple
measurements (/7= 10) were taken at different areas of each phantom and averaged sample-
wise for each phantom concentration. The elasticity of the agar phantoms as quantified by
Eg. (2) and obtained from uniaxial mechanical testing system is depicted in Fig. 2(b). The
elasticity of the 1% agar phantoms was 11.0 + 0.6 kPa and 11.0 + 0.7 kPa as assessed by
OCE and mechanical testing, respectively. For the 1.5% agar phantoms, the Young’s
modulus obtained by OCE was 27.2 + 1.0 kPa and 17.6 = 4.4 kPa by mechanical testing.
The Young’s modulus of the 2% agar phantoms was 60.9 + 7.3 kPa as quantified by OCE
and 55.1 + 15.8 as assessed by mechanical testing. Media 1 depicts the elastic wave
propagating in a 1% (top), 1.5% (middle), and 2% (bottom) agar phantoms (played 1000x
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slower than real-time). Figure 3 is a still frame from Media 1 showing the propagation of the
elastic wave through the agar phantoms at 1.2 ms after excitation. From Media 1 and Fig. 3,
it can clearly be seen that the elastic wave velocity increases as a function of agar
concentration, as expected.

The slight discrepancies between the OCE and mechanical testing may be due to the
assumptions made during the derivation of Eq. (2) and the characteristic “J” shape of the
agar phantom stress-strain curve [26]. Nevertheless, the 1.5-MHz OCE results show that this
method allows noncontact quantification of sample elasticity similar to uniaxial mechanical
compression testing.

After these preliminary experiments, the elasticity of a porcine cornea at different intraocular
pressures (I0OP) was assessed. A whole fresh juvenile porcine eye (J&J Packing Corp.,
Texas, USA) was cannulated with two needles for artificial IOP control after all extraneous
tissues such as muscles and epithelium were removed. One needle was connected to a
micro-infusion pump, and the other needle was connected to a pressure transducer. Multiple
OCE measurements (7= 3) were taken at I0Ps of 10, 15, and 20 mmHg at a rate of 1 Hz for
each measurement. Figure 4 shows that utilizing Eq. (2), the elasticity of the porcine cornea
was estimated to be 2.1 + 0.1 kPa, 4.9 + 1.0 kPa, and 15.7 + 5.1 kPa at 10, 15, and 20 mmHg
IOP, respectively. Even though the OCE measurements were taken over the same region, the
high variance in the 20-mmHg IOP measurement may be due to the increased
inhomogeneity at higher I0Ps [27] and limited number of temporal pixels available for
velocity calculations. These results correlate with data previously reported by OCE [28] and
fall within the values reported in the literature for the elasticity of the porcine cornea (from
less than 1 kPa to greater than 1 MPa with varying conditions and measurement techniques
[29-32]).

True kilohertz frame-rate shear wave OCE has been demonstrated previously by 2D full-
field OCT using four-step phase shifting [33]. However, depth-resolved elasticity assessment
required shifting the sample to obtain successive en-face images. The method presented here
can provide depth-resolved elasticity information (using, e.g., spectral analysis [16]), but the
similar frame-rate is achieved using fewer pixels.

In summary, we have demonstrated a noncontact true kilohertz frame-rate phase-sensitive
OCE technique, which was capable of assessing the elasticity of agar phantoms and a
porcine cornea ex vivo at various 10OPs. Previous techniques have relied on multiple M-mode
scans requiring an excitation for each measurement position. Here, only one stimulation was
required for a single depth-resolved line measurement. However, the sensitivity and
maximum detectable elastic wave velocity are limited due to the relatively small number of
pixels available in time and space for velocity calculations as there is an intrinsic trade-off
between transverse resolution and frame-rate because a greater number of lateral pixels
would result in a lower frame-rate. Nevertheless, this method was successfully able to
quantify elastic properties of samples at an ultra-high frame rate. In addition, the time to
acquire a single OCE measurement, process the data, and provide an elasticity estimate was
under 5 min, with an acquisition time of ~30 ms.
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Due to the single excitation and rapid acquisition and processing speed, this technique may
potentially be useful for clinical applications where patient discomfort is a critical factor. In
addition, the 30-ms exposures with a beam power of < 160 mW taken at 1 Hz did not exceed
the ANSI Z136.1 MPE limit for the cornea. Future work will involve implementing
algorithms for the forward and backward scans that would effectively double the frame rate
and incorporating phase-velocity computation to enable more robust methods of
viscoelasticity assessment [22]. Combined with GPU accelerated OCE [34], multiple B-
scans would allow reconstruction of 3D elasticity maps in real time. It has been
demonstrated that 3D compressional OCE can acquire volumetric elasticity data in a few
seconds using significantly less data [35]. Application of the method presented in this study
would potentially reduce the acquisition time from seconds to milliseconds and allow
quantitative representation of elasticity.
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Fig. 1.
Schematic of OCE setup.
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Fig. 2.

(a) Depth-wise group velocity of the elastic wave in a 1%, 1.5%, and 2% agar phantom. (b)
Elasticity of the 1%, 1.5%, and 2% agar phantoms as assessed by OCE and uniaxial
mechanical testing.
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Fig. 3.

Still frame from Media 1 showing the elastic wave propagation through a 1% (top), 1.5%
(middle), and 2% (bottom) agar phantom at 1.2 ms after excitation.
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Elasticity of porcine cornea ex vivo at different IOPs as measured by OCE and quantified by

Eq. (2).
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