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We report on a resonant acoustic radiation force optical coherence elastography (ARF-OCE)

technique that uses mechanical resonant frequency to characterize and identify tissues of different

types. The linear dependency of the resonant frequency on the square root of Young’s modulus was

validated on silicone phantoms. Both the frequency response spectrum and the 3D imaging results

from the agar phantoms with hard inclusions confirmed the feasibility of deploying the resonant

frequency as a mechanical contrast for tissue imaging. Furthermore, the results of resonant ARF-OCE

imaging of a post-mortem human coronary artery with atherosclerosis demonstrate the potential of

the resonant ARF-OCE as a non-invasive method for imaging and characterizing vulnerable plaques.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820252]

Knowledge of tissue mechanical properties provides val-

uable medical information in disease diagnosis and progno-

sis. There is a close correlation between tissue elasticity and

pathology. For example, in atherosclerosis, measurement of

tissue biomechanical properties has the potential to differen-

tiate between various plaque components. Furthermore,

tissue mechanical properties provide critical information to

assess the vulnerability of plaques.1–5 The stress in the cap

increases with decreasing thickness and increasing macro-

phage infiltration. High strain locations in the vessel wall

indicate the presence of vulnerable plaques.1–4

The mechanical resonant frequency of material in

response to an external force is closely related to its elastic

properties. The resonance frequency measurement techni-

ques, such as resonant ultrasound spectroscopy, have been

employed for decades to assess the elastic moduli in nondes-

tructive evaluation of materials with a known shape.6

Realizing that biological samples also exhibit mechanical

resonance inherent to the samples, investigators have devel-

oped a variety of resonance frequency imaging techniques to

evaluate the corresponding elastic moduli.6–11 However,

these existing techniques have limited sensitivity and are dif-

ficult to adapt for in vivo imaging. Recently, we developed a

phase-resolved acoustic radiation force optical coherence

elastography (ARF-OCE) system that uses an amplitude

modulated (AM) acoustic wave to apply dynamic pressure to

the tissue and uses phase-resolved optical coherence tomog-

raphy (OCT) to evaluate the elastic properties of vascular

tissue.12 The phase-resolved ARF-OCE combines the high-

speed excitation of ARF with sub-micrometer/nanometer

detection sensitivity of phase-resolved OCT to achieve high

speed and high sensitivity mapping of elastic properties of

tissue, which has great potential for clinical cardiovascular

imaging. However, while the relative value of strain and

Young’s module can be imaged with ARF-OCE, the absolute

determination of these biomechanical properties requires

knowledge of ARF applied to the tissue. Although ARF can

be determined by simulation and calibration, adoption for

in vivo quantification with constant change in geometry will

be a significant challenge. In this paper, we report on a reso-

nant phase-resolved ARF-OCE technique utilizing mechani-

cal resonant frequency to image and quantify tissue

mechanical parameters without knowledge of ARF parame-

ters. Using the ARF as excitation allows us to sweep differ-

ent ARF frequencies and measure the frequency dependent

displacement in order to determine tissue resonance fre-

quency, which can be used to image and quantify tissue

mechanical properties.

The resonant ARF-OCE imaging was performed using

an 890 nm spectral-domain OCT system, as shown in Figure

1, which was similar to the one described in an earlier

work.12 The acoustic radiation force was generated by a

focused ultrasound transducer, which generated a 4 MHz

ultrasound wave with a lateral focal width of 2.3 mm and a

length of 18 mm at around a 60 mm working distance. A RF

power amplifier, with a linear gain of 46 dB between

0.15 MHz and 230 MHz, amplified the signals driving the

transducer. To create a cyclic acoustic radiation force, the

ultrasound transducer was driven by a signal that was AM by

a square wave. A function generator and a pulse delay gener-

ator were used to create the AM waveform, which, after

power amplification, drove the ultrasound transducer. The

pulse delay generator generated a low kHz square wave

(50% duty cycle AM) which modulated the amplitude of the

4 MHz burst generated by the function generator. Different

AM modulation frequencies were chosen to match with the

resonances of phantoms and biological samples used in this

paper. The modulation frequency and amplitude were chosena)W. Qi and R. Li contributed equally in this work.
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for each sample in such a way that the absolute value of the

phase difference induced between adjacent A-lines was large

enough to enhance the sensitivity but less than jpj to avoid

phase wrapping. For all the experiment imaging, the samples

were positioned in such plane that a relatively large area of

uniform ARF induced displacement can be obtained.

Experiment from homogeneous phantom confirmed that the

ARF induced displacement is uniform over a 3.5� 3.5 mm

area, as shown in Figure 2. The local vibration phase of the

sample was detected by a phase-resolved OCT system, which

is capable of imaging at 20 kHz with a 3.5 lm axial resolution.

The phase sensitivity was measured to be 1.5 mrad, thus,

yielding nanometer sensitivity in terms of displacement.

Biological solid soft tissues, behaving intermediately

between liquid and solid-elastic materials, are considered as

viscoelastic materials, which usually can be described by the

Voigt model.13 This model is composed of a combination of

a linear spring with an elastic constant k and a dashpot with a

coefficient of viscosity c. Under external force stimulation,

this model can be described by14

m€zðtÞ þ c _zðtÞ þ kzðtÞ ¼ FðtÞ; (1)

where m is the mass of the sample, zðtÞ is the local displace-

ment of the sample, and FðtÞ is the acoustic radiation force

exerted on the sample. When the deformation is small

(<0.1%), the elastic constants of soft tissues can be assumed

to be linear.15 Given the displacement of the sample, one can

determine c and k and thus solves the Young’s modulus

under Hook’s law

E ¼ kL=A ¼ ðx2 þ k2ÞmL=S; (2)

where L and A are the thickness and area of the sample,

respectively. The damping coefficient k is defined as14

k ¼ �c=2m: (3)

For a defined material, the damping coefficient is constant.

Therefore, there exists a linear relationship between the

square root of the modulus and the resonant frequency of the

sample with a fixed geometry.

To test this linear relationship, several homogeneous-

cylindrical phantoms with a diameter of 35 mm and a height

of 3 mm were made with different ratios of silicone to the

corresponding activator for different Young’s moduli. The

frequency responses of silicone phantoms with varying

Young’s moduli were measured using our resonant ARF-

OCE method by applying step frequency excitations. Figure

3 shows the linear dependency of Young’s modulus of the

material on the square of resonant frequency with an R2

coefficient closes to 1, confirming the linear relationship and

showing the potential for utilizing resonant frequency to dif-

ferentiate materials with varying stiffness.

To demonstrate the mechanical contrast of the resonant

ARF-OCE method, we first tested an agar phantom (0.8%

agar, mass concentration and 0.4% intralipid, volumetric

concentration) with a 513 lm metal ball embedded inside.

For all experiments, the acoustic wave was applied perpen-

dicular to the surface of the metal ball from the bottom of

the water tank while the optical beam was applied perpendic-

ularly from the top. The measured frequency response spec-

trogram of agar and metal ball was plotted in Figure 4. With

different vibrational amplitudes due to significant elastic

property differences, very strong resonances at 60 Hz and

1080 Hz were observed for the agar and stainless steel ball,

respectively. This indicated that if a driving frequency of

1080 Hz were to be applied to the sample, one should be able

to differentiate the stainless steel ball from the surrounding

agar. We imaged the agar phantom under a modulation fre-

quency of 1080 Hz, which was the resonant frequency of the

FIG. 1. Experimental setup.

FIG. 2. OCT (a) and OCE (b) imaging for a homogeneous phantom. The

ARF-induced displacement is confirmed to be uniform within the area

scanned.

FIG. 3. Linear dependency curve of resonant frequencies on varying

Young’s moduli of silicone tissue phantoms.
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stainless steel ball. As expected, the metal ball produced a

distinctive vibration amplitude in comparison with the sur-

rounding agar, yielding high-contrast in the resonant elastog-

raphy map (Figure 4(b)). Only the top of the metal ball can

be seen in the images due to the highly reflective nature of

the metal ball. The measured resonant frequency of the metal

ball is not only related to the material but also affected by

the size and shape of the metal ball.

We then tested the resonant ARF-OCE method on an

agar phantom with a piece of silicone embedded inside.

Silicone is stiffer than the surrounded agar but has similar opti-

cal properties as the agar. We imaged the agar phantom under

a modulation frequency of 1250 Hz, which is around the reso-

nant frequency of the embedded silicone. As expected, the sili-

cone piece is barely discernable in the OCT image as shown

in Figure 5(a). However, the silicone piece produced a distinc-

tive vibration amplitude in comparison with the surrounding

agar, yielding high-contrast in the resonant elastography map

as shown in Figure 5(b). The fused OCT and OCE image is

shown in Figure 5(c). These results again demonstrate that our

resonant ARF-OCE can provide a strong mechanical contrast

based on the resonant frequency of the material.

Finally, to test the feasibility of applying this resonant

ARF-OCE technique to image and differentiate atherosclerotic

plaques, ex vivo resonant ARF-OCE imaging of a section of

post-mortem human coronary artery with atherosclerotic

plaques was performed at varying frequencies. The human cor-

onary artery was cut open, flattened, and preserved in saline so-

lution prior to the experiment to keep it well hydrated. During

the experiment, the human coronary was immersed in

phosphate-buffered saline (PBS) solution, which served as

both the coupling media for the ultrasonic wave and also the

bio-environment for the tissue, and laterally scanned 3.5 mm

where the vibration of the sample induced by the acoustic radi-

ation force was evenly distributed. After ARF-OCE imaging,

the sample was fixed using 10% formalin solution and sec-

tioned for histological analysis. The histological sections were

interpreted by a pathologist who had no access to the informa-

tion provided by the resonant ARF-OCE method. The proc-

essed sample histology (Figures 6(d) and 6(e)) was confirmed

as a necrotic core fibroatheroma (NCFA) with a fibrous cap,

pointed by black arrows, on top of a necrotic lipid core (NC).

Regions I and II of the fibrous cap are thin loose fibrous tissues

(�100 lm thickness), where the plaque is more likely to rup-

ture. In region III, the fibrous tissue becomes thicker and

denser, which is considered as the stable area of the plaque.

Tiny microscopic nodules of calcium salts were found at the

boundary between the lipid core and the fibrous cap. The struc-

ture of the NCFA was reconstructed in the OCT image (Figure

6(a)), due to the limited penetration depth; only the fibrous cap

and part of the lipid core can be seen in the OCT image.

The structure revealed in the OCT image corresponded really

FIG. 4. (a) Frequency response spectrogram of agar and metal ball. M-mode vibration phase amplitude was recorded while the targeting point was stimulated

by amplitude modulated acoustic radiation force. The modulation frequency was swept over a range of 50 Hz to 1600 Hz, covering the resonant frequency of

both materials. The resonant frequency of agar and metal ball were 60 Hz and 1080 Hz, respectively. (b) 3D OCE image. (c) The sample image.

FIG. 5. OCT structural (a), resonant ARF-OCE (b), and fused images of agar phantom with a piece of silicone embedded inside (c) stimulated at a fixed

frequency of 1250 Hz. The silicone shows distinctive vibration amplitude due to its resonance. The agar phantom, however, vibrates much less since the driv-

ing frequency is far away from its resonant frequency. Scale bar: 500 lm.
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well with the histological sections (Figure 6(d)). The resonant

ARF-OCE distinguished different components in the plaque at

varying frequencies. The thin, loose fibrous cap (regions I and

II) showed higher resonant amplitude at a 500 Hz driving fre-

quency (Figure 6(b)), as opposed to the thick, dense fibrous

cap (region III) which showed very weak vibration at this fre-

quency. Conversely, when the sample was excited under

800 Hz, the thick, dense fibrous cap portion started to show a

stronger motion than the portion with the thin, loose fibrous

cap. In Figure 6(c), the left part of the thin fibrous cap shows

higher vibration than the one on the right side of the image.

This may be a result of the calcium salts deposit on the left of

the plaque, where higher reflection for the acoustic radiation

force induced a relative stronger vibration than in the area

without microscopic calcium nodules. Since the mechanical

characteristics of the fibrous cap determines the stability of the

plaque, the resonant-ARF-OCE method could provide useful

mechanical information about the fibrous cap and thus may

serve as a predictor of atherosclerotic plaque stability and pro-

vide useful information during clinical interventions, such as

stent and balloon catheter insertion.

In summary, we have presented a resonant ARF-OCE

technique, which takes advantage of the fact that materials

respond primarily at their mechanical resonant frequencies,

to effectively distinguish samples with varying stiffness. This

method provides a significant contrast to a previously

reported acoustic radiation force optical coherence elastogra-

phy technique.12 Resonant frequencies of silicone phantoms

with different Young’s moduli were investigated first with a

focused ultrasound transducer that generated local acoustic

radiation force stimulation at step-driven frequencies on the

phantoms. A well-fitted linear dependency curve of the reso-

nant frequency square on the Young’s modulus was presented

and thus validated the hypothesis of the method. The feasibil-

ity of this method on differentiating materials with different

stiffness was tested on an agar phantom with a hard inclusion.

Both the frequency response spectrum and the imaging

results demonstrate the effectiveness of identifying the iso-

lated hard inclusion by means of stimulating the sample at the

resonant frequency. To demonstrate the potential of the reso-

nant ARF-OCE technique for medical diagnosis and prognosis,

we further performed resonant ARF-OCE measurement on a

section of post-mortem human coronary artery with athero-

sclerotic plaques. A 2D OCT-structural image and phase

resolved OCE maps were presented and correlated with a his-

tological image. The phase resolved OCE maps identified

regions of thin, loose and thick, dense fibrous caps with excita-

tion frequencies of 500 Hz and 800 Hz, respectively. Although

our current experiment uses the step-driven frequency scan-

ning mechanism with limited imaging speed, the application

of a chirped ultrasound signal to generate a frequency sweep

ARF will significantly increase the imaging speed. The reso-

nant ARF-OCE has great potential for intravascular in vivo
imaging of atherosclerotic lesions where biomechanical prop-

erties of different types of plaques can be mapped.
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