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Reconstruction of bi-dimensional images in Fourier-Transform Acousto-Optic Imaging

We present a new method to perform acousto-optic imaging based on a spatio-temporal structuration of long-duration acoustic plane waves. This approach is particularly relevant when using detectors with long integration time. We show how it is possible to reconstruct an image by measuring its two-dimensional Fourier components. A proof of concept is presented using a photorefractive detection scheme, demonstrating equal performances to direct imaging. The overall acquisition time is compatible with medical monitoring applications.

http://dx.doi.org/10.1364/ao.XX.XXXXXX Acousto-Optic Imaging (AOI) is an in-depth optical imaging technique of highly scattering media [1][2][3][4][5][6][7][8][9][10][11][12][13]. It relies on the detection of photons which have been tagged by user-controlled ballistic ultrasounds (US). For an optical source of high temporal coherence, the light exiting the medium is composed of multiple speckle grains with a random phase relation. As US are turned on, the speckle pattern undergoes a weakly contrasted modulation which in the spectral domain corresponds to a fraction of photons shifted by the US frequency. Various US spatio-temporal profiles can be used for tagging, among which pulsed [14] or continuous waves [2,15], spatially focused [14] or unfocused plane waves [16,17] and any of these combinations. For a given US profile, detection of tagged photons is then either performed from a single speckle grain [2,14,15] or by summing the contribution from multiple speckle grains. This is done for instance using photorefractive holography [8,10,18], spectralhole burning [19,20] or camera-based detection [5], allowing to increase the signal-to-noise ratio (SNR) of an acquisition. Today, one of the main challenge of AOI is to demonstrate in-depth in vivo imaging. In this respect, it is crucial to work on the tagging-detection strategy which will allow mm spatial resolution with maximum SNR, while remaining insensitive to the speckle decorrelation induced by living tissues.

The most straightforward way to make an image is to record the photon flux tagged with a pulsed Focused Wave (pFW) as it propagates along its collimated focal waist. A two-dimensional image is then obtained by performing a line-by-line scan of a chosen plane. To maintain the axial resolution in the millimeter range, the pulse should not exceed the µs range in duration and its propagation should be sampled at a frequency higher than 1MHz. To do so, photorefractive holographic-based detection is ideal because the signal is temporally sampled with a photodiode. However, the response time of photorefractive crystals with sufficient gain reported in the literature is typically greater than a millisecond [8,10], which is not compatible with the decorrelation time inside living tissues (∼ 100-1000 µs) [21][22][23][24]. This is a major limitation for in vivo imaging. Spectral-hole burning [19,20] is very promising because insensitive to speckle decorrelation, but in vivo imaging has yet not been demonstrated, in part because of the complexity and cumbersomeness of the cryogenic detection.

Long-exposure time camera-based detectors are a good alternatives to previously mentioned detection schemes because they can support short decorrelation time, provided that the latter remains greater than their exposure time [9,25,26]. The simultaneous detection of multiple speckle grains results from the superposition of the tagged photon field and an auxiliary reference field. Such detection requires however to adapt the US tagging strategy in order to account for their long integration time (typically ≥ µs) with respect to US period. For instance, pFW imaging using CMOS detection was demonstrated with 5mm resolution by setting the camera integration time to 3 µs [9]. Increasing the exposure time by one or two orders of magnitude would significantly increase the SNR but drastically degrade the axial resolution. Alternatives have thus been proposed to recover longitudinal spatial resolution [4,25,26] while maintaining long camera exposure times. All techniques rely on either phase or amplitude modulation of both the US pulse and reference arm. The resolution is no longer dependent on the pulse duration, but rather on the frequency bandwidth available to generate the modulation. For instance, periodic phase modulation was used to record the Fourier component of the image along US propagation direction [26]. This latter scheme is designated as Fourier Transform acousto-optic imaging (FT-AOI).

In the present paper, we generalize FT-AOI to the twodimensional case [27] using an acoustic transducer array, as opposed to a single mono-element. We will first recall the formalism used in [26,28] and show how to tailor the emission of the transducer to easily adapt to this formalism [27]. To keep our approach as general as possible, we will theoretically present it for various detection schemes. The method will then be validated on experimental data using photorefractive holographic detection in order to provide simple comparison with pFW imaging. In one-dimension FT-AOI, the AC-voltage applied on a monoelement focusing transducer is phase-modulated as a function of time. As a result of US propagation, photons interact at all time with a pressure wave of complex amplitude P(z, t), as illustrated in Fig 1(a). Note that the US carrier frequency is removed with the filtering of tagged photons, so we do not account for it within the scope of this article. Which ever the tagged photon detection, we define the signal S i recorded from a single measurement i as:

S i = M i ( r)I( r)d 3 r (1) 
where M i ( r) is a complex tagging function associated to US propagation, and I( r) is proportional to the local intensity of diffuse light, local absorption and scattering properties of the medium. Note that according to this definition, I( r) is the image one would acquire performing pFW imaging. The tagging function M i ( r) depends (i) on the spatio-temporal envelop of the US pulse and (ii) on the processing choice of the tagged signal. In a camera-based detection, the tagged signal is modulated by a real function h m (t). For off-axis heterodyne holography [28] this is done on the auxilary reference field with an acousto-optic modulator. In heterodyne lock-in CMOS detection [26] the modulation is performed electronically on the detector chip. In both cases, the formalism is the same such that the tagging function for camera-based detection M (a)

i can be expressed as [28]:

M (a) i ( (r)) = | P| 2 ( r) ( 2 
)
where P is the virtual amplitude defined as:

P( r) = 1 T T 0 h m (t)P( r, t)dt ( 3 
)
where T is the integration time of the camera. In one dimension, and neglecting diffraction of the US beam as it propagates, we can assume that P( r, t) = P 0 h(tc -1 s z + τ), where h(t) is the pressure amplitude modulation function, c s ≈ 1540 m/s is the US velocity and τ a fixed delay. We now calculate M Imposing that h m (t) = sin(π f t) as performed in [26] and setting the integration time such that f T is an integer, we calculate using Eq 2 and Eq 3:

M (a) i (z) ∝ 1 + cos(2πν z z -ϕ) (4)
where ν z = f /c s is a spatial frequency, and ϕ = 2π f τ a phase offset which can be controlled independently of ν z by changing the delay τ. The calculated tagging function is the sum of a constant term and a sine function with a period half that of P(z).

Performing a linear combination of measurements S i acquired for ϕ = 0; π/2; π and 3π/2 we can numerically retrieve the complex Fourier component of the longitudinal profile corresponding to spatial frequency ν z [17,26]. FT-AOI can also be implemented from a temporally sampled signal of tagged photon based on photorefractive holographicbased detection or spectral hole burning detection, where signal is sampled with a photodiode. In this case, the tagging function

M (b)
i is obtained by post-prossessing of the acquired temporal trace, which allows to choose a complex function for h m before performing a numerical integration over time T. The expression of M (b) i is given by:

M (b) i ( r) = 1 T T 0 h m (t)|P| 2 ( r, t)dt (5) 
In this case, the 4-phase measurement is prevented by replacing the previous real function by h m (t) = exp(-2πj f t), while imposing that h(t) oscillates between 1 and 0 at a frequency f as shown in Fig. 2(b). This corresponds to an amplitude rather than phase modulation of the pressure field. This is in particular what will be presented in the following experimental results, where detection is based on photorefractive holography. In this case, we easily calculate:

M (b) i (z) ∝ j exp(-2πjν z z + jϕ) (6) 
Such a tagging function directly provides Fourier component of the longitudinal profile for ϕ = -π/2.

To generalize this to the two-dimensional case, we propose to use a long-duration US modulated plane wave (as opposed to focused), propagating along z direction. The substitution h(z, t) → h(x, z, t) is possible by controlling independently the temporal US emission at each position x. The amplitude modulation at position x is set to h[t + τ m (x)]. The delay τ m (x) depends linearly on the transverse position x such that:

τ m (x) = τ - ν x x f = τ - ν x x ν z c s (7) 
Still neglecting diffraction effects, we now have P(x, z, t) =

P 0 h[t -c -1 s z + τ m (x)] as illutrated in Fig 1(b)
. The two- dimensional tagging functions simply result from the substitution ϕ = 2π f τ → 2π f τ m (x) = ϕ -2πν x x in respectively Eq. 4 and 6. Using the previous functions h(t) plotted respectively in 

   M (a) (x, z) ∝ 1 + cos(2πν x x + 2πν z z -ϕ) M (b) (x, z) ∝ j exp(-2πjν x x -2πjν z z + jϕ) (8)
This constitutes a 2D generalization of previous tagging functions. As a result, 2D Fourier components of the AO image in the (x, z)-plane are obtained with a 4-phase measurement for camera based-detection and in a single measurement for temporally sampled AO signals. Let us note that the theoretical expressions in Eqs. 8 exhibit a sinusoidal behavior, thanks to the filtering of the square modulation by temporal averaging in Eqs. 3 and 5. As a result, accurate extraction of Fourier components in the whole Fourier plane is possible, as opposed to previous work reported on unfocused US waves. In [16] for instance, tilted plane waves are emitted with limited angular span such that many Fourier components can not be measured. By structuring these waves laterally [17], more Fourier components can be reached but an error of reconstruction is made for modulations that aren't purely sinusoidal. Since US transducer arrays do not generally allow for smooth modulation of the US wave, the harmonic content of the modulation leads to image degradation [17]. This effect is absent in our present approach thanks to the above-mentioned filtering. Furthermore, both of these methods work in the short-pulse regime, contrary to what we propose here.

We present here the experimental validation of 2D FT-AOI using photorefractive holographic-based detection. This choice of detection might seem peculiar given that the imaging approach presented here is particularly interesting for camera-based detection, potential candidates for in vivo imaging applications. From a fundamental point of view, this choice of detection is justified because it allows direct comparison with a pFW imaging, and is much simpler to implement. A scheme of the experiment is shown in Fig. 3. The sample is an Agar gel matrix with dimensions H × L × W = 5 × 5 × 2.5 cm 3 with 17% concentration of intralipid. The gel reduced scattering coefficient µ s ≈ 10 cm -1 is representative of biological tissues [29]. Two absorbing inclusions of respectively 2 mm and 3 mm inner diameter and 5 mm length (along the transverse y direction), with a separation of 4 mm between their centers, were embedded in the middle of the sample thickness (y direction) at ≈ 13 mm below the upper face. A photograph of these inclusions is shown in Fig. 4(a) before being recovered by another layer of scattering gel. The sample is illuminated with a single-longitudinal mode laser centered at 780 nm. After the tapered amplifier (MOPA, Sacher Lasertechnik GmBH), the incident power is about ≈ 500 mW for a beam diameter of ≈ 7 mm. The tagged light is collected in transmission through the sample with a photorefractive-based detection scheme (SPS crystal doped with Te 1%) described elsewhere [8,10,13]. The tagged photon flux is recorded with a biased Si-photodiode (Thorlabs Det36A-10 MHz bandwidth, 13 mm 2 surface) coupled to a transimpedance amplifier (Femto GmBh), and sampled at 10 MHz with an acquisition board (Gage Digitizer). Our transducer array is a commercial US probe (SL10-2, Supersonic Imagine, Aix en Provence, France) with a fixed focal length in y-direction of 35 mm. The probe has 192 piezo-elements of 200µm width, resulting in a total width of 38.4 mm. We positioned it on the top of the sample, above a medical gel, and each piezo-element of the array is arbitrarily addressed to generate the structured acoustic plane wave. In particular, each element emits 100 µslong US pulses centered at 3 MHz, modulated with the function h plotted in Fig. 2(b), delayed according to the law given in Eq 7, and at a repetition rate of 1 kHz. Note that the size of the piezo-elements is smaller than the US wavelength, ensuring a good sampling of the US. At all time, the US wavefront is encoded parallel to the emission plane so that US propagate in the z direction. With an excitation voltage of 15 V for the piezoelements, the maximal pressure of the US wave was measured to be ≈ 300 kPa. Such a pressure corresponds to a US peak intensity of ≈ 3 W/cm 2 and, taking the duty cycle into account, to an average intensity of ≈ 150 mW/cm 2 far below biomedical norms (720 mW/cm 2 ) [30]. To make an image, we record successive traces at a 1 kHz repetition rate. Between each of the traces, (ν x , ν z ) values are changed so as to map the Fourier plane of the image. Temporal traces are thus acquired for ν x = mν x0 and ν z = nν z0 , where ν x0 and ν z0 are the fundamental frequencies. They are set to ν x0 = 0.026 mm -1 and ν z0 = 1/(c s T 0 ) ≈ 0.033 mm -1 , where T 0 = 20µs is the fundamental temporal modulation. This corresponds to an image field of view of 30 mm in direction z and 38.4 mm in direction x. We chose m and n as integers such that -10 ≤ m ≤ 10, and 1 ≤ n ≤ 10. This adds up to 210 Fourier components in total, and the full acquisition was repeated 10 times for signal averaging. This therefore corresponds to an overall acquisition time of 2.1s. To reconstruct an image, each averaged trace is multiplied by h m (t) = exp(-2πj f t), where f = c s ν z . Each (ν x , ν z )-Fourier component is then calculated by integrating over time T. We arbitrarily set that value to T = 3T 0 = 60 µs so as to mimic an integration time typical of camera-based detectors compatible with in vivo decorrelation time scales. The components at ν z = 0 are extrapolated from the hypothesis that the AO image cancels close to the surface. The reconstructed image is shown on Fig 4(b) where the two inclusions can be distinguished. We then wish to compare this image to that obtained using pFW waves limited to the same Fourier components. This reference image is performed by leaving the probe at the same position and scanning the image plane over 143 positions along the x axis with a focused pulse of 3 acoustic cycle in duration centered at 3 MHz. We then applied a low-pass filter on the image so as to match the Fourier plane explored in our 2D-FT imaging setup. The result is represented in Fig 4(c), and is very similar to our previous image. This demonstrates that within the explored Fourier region, the image quality of both techniques are equivalent. At last, we would like to emphasize that for the pFW image, the nominal pressure was increased to 40V, so that the acoustic peak intensity can exceed 200 W/cm 2 at the focal point. In addition, each line was averaged 500 times leading to an overall acquisition time of 71.5 s , that is to say 34 times higher than with FT-AOI. Although these parameters are only indicative, they illustrate the potential of FT-AOI for real life applications.

In conclusion, we have provided the first proof of concept for bi-dimensional Fourier-Transform Acousto-Optic Imaging. This method, which is an extension to that presented in [26], relies on the spatio-temporal modulation of an acoustic plane wave to extract the Fourier components of the acousto-optic image. It is based on a simple model where US diffraction is neglected. This model is validated by our experimental results, where the image of two inclusions obtained with FT-AOI compares well with that obtained with standard pFW for a given Fourier domain of exploration. So far, our result is important because 2D FT-AOI imaging relies on the use of long-duration acoustic pulses compatible with camera-based detection setups, potential candidates for in vivo imaging. In addition, plane waves and long pulses allow to reduce the constraint on the acoustic peak-power in order to stay below biomedical norms. In future work we plan to reproduce these results using of an off-axis heterodyne holography detection schemes so as to pave the way towards in vivo imaging.
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 1 Fig. 1. Illustrations of (a) One-dimension FT-AOI case reported in [26, 28] and (b) Two-dimension FT-AOI investigated in the present work, with long pulses of duration T.

  (a) i using the f/2-periodic function h plotted in Fig 2(a).
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 2 Fig. 2. Examples of possible modulation function h(t) of the acoustic amplitude. (a): for camera-based detection; (b): for photorefractive holographic detection.
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 2 a) and Fig 2(b) and the respective demodulation functions h m (t) = sin(π f t) and h m (t) = exp(-2πj f t), we calculate the following two-dimensional tagging functions:
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 3 Fig. 3. Experimental setup. (HWP): Half Wave Plate. (PBS): Polarising Beam Splitter.
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 4 Fig. 4. (a): pictures of the inclusions, before being recovered by another layer of scattering gel; (b) normalized image obtained from FT-AOI; (c) normalized filtered image recorded with pFW.
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