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Abstract: We evaluate a method for monitoring tissue surfamustic waves with in-line digital
holography without using a phase modulator. Thausiio waves directly modulate the phase and

are reconstructed with knowledge of the vibratia@gtiency.
OCIS codes: (090.1995) Digital Holography; (1200@28ibration analysis; (170.3880) Medical and bgtal imaging

1. Introduction

The human body, just like any object, exhibits ascef acoustic waves (SAWS) under vibrational exoitat
Holographic interferometry is well-suited to stuBAWSs because it provides nanoscale displacemeisitiségy
over a wide field of view. Holographic interferomethas been used to study SAW patterns on humarsgdu
singing [1], simulated operation of heavy maching}, and for breast lesion detection [3, 4]. M@stvious
methods employed off-axis holography and analy$ishe resulting fringe pattern. Electronic speckiattern
interferometry (ESPI) may be considered a spediitn of holographic interferometry [5], where anlime
configuration is used to image the speckle patiesiead of fringes, relaxing requirements on #essr pixel size.
We recently reported a new method for imaging SAWisg an in-line configuration and no active phakiting
element [6], which was applied to breast tissue-fihantoms. Effectively, the SAWs provide phaséishi and
knowledge of the vibrational excitation frequensyused to extract the phase of the SAWs moduld his allows
one to directly measure the SAW phase velocity,ctvhis useful for quantitative elastography for Isteeancer
detection. Here we study the effects of noise &eduse of temporal bandpass filtering on the acguoh SAW
phase reconstructions, both in simulations and raxgats on tissue phantoms.

2. SAW Phase Reconstruction M ethod

The intensity resulting from in-line interferencetWween a reference and sample beam while SAWSs autof-
plane amplitudé\say propagate across the surface of the sample abrahfpequencywand spatial frequendyis:

H(Ft) = o+l CO{% °°§“1+m)+¢(r)j

whereg is the stationary speckle. Importantly, the SAWsggheermpg,,, = at + KT, provides the phase velocity,

vp=a/k, which can be directly related to the elastic grtips of the tissue [6, 7]. In the limit th&w <<A we can
Taylor expand to show that [6]:

I'(r,t I(Ft=At)-1(r,t+At
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1"(F,t) L(Ft-At)+1(Ft+at)-2 (7 t) 2
which is the same mathematical expression as teahpbase shifting generally, but instead of prawvigdihe optical
phase (which is not needed as it only tells ussthiace shape), here it provides the SAW phase.

3. Results and Discussion

We performed in-line holographic interferometry siticone tissue phantoms with embedded TiO2 padidb
generate a fully-developed speckle field. A pielazgic transducer immediately outside the imaginga generated
SAWSs at 96 Hz, and a CMOS camera collected a tievees of interferograms at 3 kHz. The results &f th
reconstruction method are shown in Fig. 1. As etqubcthe SAW phase appeared to be linearly rampgéd av
constant slopek, as a function ok. The phase map consists of concentric rings cethitebout the transducer, with
sharp discontinuities as it wraps fran2 to 472, and the noise appears to be relatively constaet the phase
sweep. In comparison, a simulation was performéungussay = A/5, which is pushes the validity of the sméadhy
assumption used in the reconstruction method. &argpeckles were simulated across one dimensiarsample.
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In this simulation, we found that the reconstrucpdthse profile is highly accurate near the cenfahe phase
sweep (near 0) but very noisy neaw?2. This noise is directly a result of higher orderms dropped from the
Taylor expansion, and is rapidly reducedAasy/A is reduced. Thus, there is a tradeoff betweenguaia, large
enough to capture the speckle modulation withindyx@amic range of the camera, and usdagy small enough to
avoid this noise. Future work to account for highetter terms may alleviate this somewhat. Howewer,see in
practice that other forms of noise are also presedteven dominate our experimental phase recatistnu

We also investigated temporally bandpass filtetinghich is a Bessel function, about a harmonieudfefore
performing the phase reconstruction. While thisupedl the noise, it required careful choice of themonic for
each experiment, as it is highly sensitiveAta,. Future work will be focused on modeling the eois order to
tailor a signal processing technique for the bes¥VSphase extraction. This will lead to higher a@my in our
elastographic reconstructions for breast cancerction.

Fig. 1. A) Measured interferogram of a tissue pbanbbtained by the camera at a given time. Friagesn artifact of the cover glass in front of
the sensor and are stationary; the dynamic spgedtern provides the useful signal here. A piessteic transducer generates SAWS; it is
immediately outside the imaging region to the IBff.Reconstructed SAW phase corresponding to APIG) of SAW phase versus transverse

positionx corresponding to the central row of B. D) Simulespeckle fluctuation alongover time. E) Simulated reconstructed SAW phase in
over time. F) Simulated SAW phase vergus
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