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Acousto-optic imaging in liquids : a step towards in-vivo

measurementsPedro Santosa, Mihael Atlana, Benoît C. Forgeta, Emmanuel Bossya, A. Claude Boaraa andMihel GrossbaLaboratoire d'Optique, ESPCI, CNRS UPRA0005,Université Pierre et Marie Curie, 10 rue Vauquelin 75231 Paris edex 05. FranebLaboratoire Kastler-Brossel, Département de Physique de l'Eole Normale Supérieure,UMR 8552 (ENS, CNRS, UMPC), 10 rue Lhomond 75231 Paris edex 05. FraneABSTRACTThe aim of this paper is to show that we an perform aousto-optial signal aquisition of one datapoint (orvoxel of a 3D image) in a very short time (2 - 4 ms), in order to overome the spekle deorrelation e�et.To demonstrate this, we have performed experiments in in dynami sattering media suh as liquids. We willshow that we an work with pulsed wave ultrasound, to redue the sound irradiation duration in order to beompatible with safety limits. These are signi�ant steps towards in-vivo experiments.Keywords: Medial and biologial imaging, Spekle interferometry, Turbid media, Ultrasound, Holographiinterferometry 1. INTRODUCTIONAousto-opti imaging1–4 aims at obtaining images of optial ontrast in entimeter thik biologial tissues withthe millimeter spatial resolution of ultrasound imaging. It is based on the modulation of the photon travel pathswithin the area of interation with the foused ultrasound beam. This proess is often referred to as "photontagging". The detetion of tagged photons is di�ult : the signal is weak, spatially inoherent and sine thedetetion shemes are usually based on a modulation of the spekle intensity they require that this patternremain orrelated throughout the whole measurement time. In the ase of in-vivo measurements, blood �owlimits this orrelation time to roughly 1 ms.5, 6 Last but not least, the level of applied laser light and ultrasoundmust omply with safety regulations.The heterodyne parallel spekle detetion sheme we have developed allows to detet tagged photons withoptimal (shot noise limited) sensitivity.7, 8 Using either a pulse or a pseudo random phase modulation of theultrasound and the referene beam it is possible to obtain aousto-opti images in dynami sattering media atspeeds (a few ms per voxel) ompatible with future appliation to in-vivo imaging.2. HETERODYNE PARALLEL SPECKLE DETECTIONThe experimental setup is represented in �gure 1. The setup itself as well as the experimental methodology ofdigital holography and heterodyne detetion applied to AO imaging have been desribed previously7, 9 and wewill only brie�y reall them here. As seen in �gure 1, the setup is basially a Mah-Zender interferometer inwhih the the referene beam is frequeny shifted by aousto-opti shifters (modulators). This is done in orderto ensure that the stati interferene pattern reorded by the CCD or CMOS amera results from the interationof the referene �eld and the so-alled �tagged-photons�2 oming from the di�using sample whih have beenFurther author information: (Send orrespondene to Benoît C. Forget)Benoît C. Forget : E-mail: forget�optique.espi.fr, Telephone: +33 (0)1 40 79 45 90Mihael Atlan : E-mail: atlan�optique.espi.frFrançois Ramaz : E-mail: ramaz�optique.espi.frA. Claude Boara : E-mail: boara�optique.espi.frMihel Gross : E-mail: gross�lkb.ens.fr



frequeny shifted by the same amount amount through the aousto-opti e�et. To ahieve better detetion thereferene is frequeny shifted by an extra amount in order to perform parallel lok-in detetion10 with the CCDor CMOS amera. To further improve the signal to noise, a spatial �lter (slit) is introdued at the output sideof the di�using sample and the referene beam is shifted to perform o�-axis holography.11

Figure 1. Setup. Near-infrared light (wavelength λL = 780 nm, optial frequeny fL) is provided by a CW, singleaxial mode 400 mW output power titanium:sapphire laser (Coherent, MBR 110). The light path is split into a referene(loal osillator, LO) and an objet arm, by a beam splitter. In the objet arm, a set of lenses (not shown) expands thebeam illuminating the sample. The sample is immersed in a transparent water tank, set on a 1D displaement stage.Transmitted light passes through a spatial �lter (SF) made of a 3 × 100 mm retangular diaphragm. Two aousto-optimodulators (AOM1,2: Crystal Tehnologies, di�ration e�ieny: 50%) are plaed in the referene arm, to shift the LOoptial frequeny fLO = fL + fAOM1 − fAOM2, where fAOM1,2 are the frequenies of signals sent to AOM1,2 . A 10 mmfoal length lens is plaed in the referene arm in order to reate a slightly o�-axis (θ ≈ 1
◦ tilt angle) virtual soure pointin the SF plane. A 10 bit, 1 Megapixel (square pixels, pixel size: d = 17.5 µm) CMOS amera (HSS4, LaVision) is setat a distane L = 40 m from SF, faing the aperture, reording the interferene pattern of light from both arms, atframerate fC . An aousti transduer (Panametris Ausan A395S-SU, foal length: 68 mm) provides the ultrasonipressure wave at the frequeny fA = 2.25 MHz, 0.25 MPa at foal point.3. PULSED AND PSEUDO RANDOM MODULATION TECHNIQUESTo address the problem of spatial resolution along the ultrasoni axis z (axial resolution), Wang et al. developedfrequeny-swept AO imaging with a monodetetor.12, 13 Forget et al.14 have extended this hirp tehnique toPSD by reording a sequene of CCD images while sweeping the frequeny of the US. These hirp tehniquesrequire that the spekle remains orrelated throughout the duration of the frequeny hirp (several seonds), andare thus inompatible with in vivo tomography, beause the spekle looses its memory in a time ( 1ms) muhshorter that the hirp duration (∼ 10s).



sample

reference light

(LO beam)

ultrasound
light pulse (LP)

vsü

c ü

acoustic pulse (AP)

detection

(i) (ii) (iii)

x

y

z

Figure 2. Strobosopi detetion of the aousti pulse AP (pulse length vsτ where vs ≃ 1500m/s is sound veloity) bythe LO beam light pulse LP (pulse length cτ where c is light veloity). (i) the AP propagates in the sample while the LObeam is turned o�. (ii) AP and LP overlap within the AO volume of interest. Heterodyne ampli�ation and detetion ofultrasound-tagged photons ours. (iii) the LO beam is turned o� until the next AP reahes the AO volume.To get high axial resolution in vivo, Lev and Sfez5, 15 use ontinuous-wave (CW) illumination and pulsed-wave(PW) ultrasound. However, the SNR is intrinsially low beause they work with a single detetor of a low optialthroughput. We have adapted our parallel detetion tehnique to aommodate pulsed-wave ultrasound.9 Thepriniple is desribed in �gure 2.The idea is to gate one of the optial beam in order to �ash the propagating aousti pulse at a spei�loation along axis y (de�ned in �gure 2). To better illustrate the tehnique, in �gure 2 the objet beam isgated, but for experiments it is more pratial to gate the referene beam. The interferene pattern is present(and reorded by the CCD or CMOS amera) only for a short time orresponding to the position of the aoustipulse at this time in the media. By introduing a ontrollable delay between the launh of the aousti and thereferene light beam pulses it is possible to san the positions along the propagation axis.The axial resolution is learly determined by the onvolution produt of the two time gates (aoustial andoptial). As in an be seen in ref.,9 inreasing the pulse duration degrades the spatial resolution resolution (aswell as the ontrast whih is intrinsially linked to the resolution). This has led us to propose a new sheme toobtain axial resolution based on pseudo random phase modulation.16Consider again the interferene pattern reorded by the amera, expressed as the produt of the objet �eldand the onjugate referene �eld, but this time we replae the gated sine phase modulation indued by the apseudo random phase modulation frnd(t) :
I = O × R∗ = I0e

jfrnd(t−z/v)e−jfrnd(t−τ) (1)We must now take into aount that the amera will integrate, during one frame time tcam, this signal :
Icam =

∫ tcam

0

I0e
jfrnd(t−z/v)e−jfrnd(t−τ)dt (2)As mentioned frnd is a pseudo random funtion, therefore so are exp(jfrnd(t − z/v)) and exp(jfrnd(t − τ)).The results of the integration in eq. 2 an be interpreted as the auto orrelation funtion of the pseudo randomfuntion exp(jfrnd(t − z/v)).If exp(jfrnd(t − z/v)) is onsidered a purely random funtion, then this autoorrelation is delta funtionmeaning that the signal reorded by the amera, Icam is zero exept when τ = z/v. Our pseudo random signal



is generating simply by shifting the phase of the US and the optial referene beam modulations bak and forthfrom 0 to π. In this ase the autoorrelation is not a delta funtion but still a very narrow one. As seen in �gure3, even for a duration more than two orders of magnitude greater (1 ms ompared to 3 µs), the autoorrelationfuntion is narrower and therefore the spatial resolution is 3 times better with a pseudo random modulation thanwith a pulsed sine modulation.
Figure 3. Numerial alulation of the autoorrelation of (left) a 1 ms pseudo random signal, (enter) a 3 µs sine pulseand (right) a 5 µs sine pulseOne again, by adjusting the delay τ between the aousti and referene beam signals, we an �selet� aspei� position along the US propagation axis.4. EXPERIMENTA 50 mm thik aquarium is �lled with sattering liquid : a diluted solution of intralipid 10%. This solution is thenfurther diluted to vary the optial sttering properties of the liquid. Measurements of the spetral broadeningof the di�use light using the methodology disribed in ref.6 as shown are in the range of the kHz, whih isomparable to suh mesurements made in vivo.6, 15 The inlusion is a small latex pouh a few milimiters indiameter �lled with the same solution dyed with blak ink.Experimental sans along the US propagation axis using the pulsed aousti and referene beam tehniqueare shown in �gures 4 and 5. The signal is plotted in normalized units. As desribed in ref7 our tehniqueallows us th measure the signal and the shot noise simultaneously. We de�ne our normalized signal as (signal -shot noise)/shot noise. Figure 4 ompares results on two dilutions (3% and 5 %) and shows in eah asde twosans along the US propagation axis : one over the inlusion (irles) and one away from the inlusion (squares).The experiment is repeated (8 times for eah san) to improve the signal to noise ratio. The inlusion is learlyvisible even for a small numbe of aumulations. Figure 5 show results on further diluted liquids. As expetedthe inlusion is more easily seen in the most diluted solution.Experimental results using the pseudo random modulation tehnique are shown in �gure 6. The dilution is5% and the inlusion is learly seen in the san on the left and the 2D image on the right. The normalized signallevel is roughly 5 times higher than the one obtained with the pulse tehnique, the resolution omparble and thesignal to noise ratio is muh better, with a single san.5. CONCLUSIONThese results are an important step towards in vivo measurement in whih e�ets of deorrelation of the spekleby movement of, or in, the biologial tissues is important. The omparison of the two experimental tehniquesmust be pushed further determine whih o�ers the beast ompromise between signal level and resolution whileremaining in the safety limits for the amplitude and duration of the US pulses. The setup an and must also beadapted for the onurrent aquisition of the signal at multiple wavelengths, adding spetrosopi informationto the images. ACKNOWLEDGMENTSThis work has been supported by the Région Ile-de-Frane, as part of the Caner�ple d'Ile de Frane. We wouldalso like to aknowledge the support of the Institut National du Caner.



Figure 4. Experimental sans along the US propagation axis using the pulse tehnique. Results are shown for san overand away from the inlusion for 2 dilutions of the sattering liquid. Averaging the signal improves the signal to noiseration
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Figure 5. Experimental sans along the US propagation axis using the pulse tehnique. The inlusion is learly moreeasily distinguished as the solution is more diluted, thus less sattering.
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