

  applsci-08-01931




applsci-08-01931







Appl. Sci. 2018, 8(10), 1931; doi:10.3390/app8101931




Review



The Progress in Photoacoustic and Laser Ultrasonic Tomographic Imaging for Biomedicine and Industry: A Review



Anton Bychkov 1, Varvara Simonova 2,*, Vasily Zarubin 1, Elena Cherepetskaya 1 and Alexander Karabutov 1,2,3





1



Laser Ultrasonic Nondestructive Testing Laboratory, The National University of Science and Technology MISiS, NUST MISiS, 6 Leninskiy Prospect, 119991 Moscow, Russia






2



The Institute on Laser and Information Technologies—Branch of the FSRC Crystallography and Photonics of Russian Academy of Sciences, ILIT RAS, 1 Svyatoozerskaya St., 140700 Shatura, Moscow Region, Russia






3



International Laser Center, Lomonosov Moscow State University, ILC MSU, 1 Leninskiye Gory, 119991 Moscow, Russia









*



Correspondence: vas@optoacoustic.ru







Received: 24 September 2018 / Accepted: 11 October 2018 / Published: 15 October 2018



Abstract

:

The current paper reviews a set of principles and applications of photoacoustic and laser ultrasonic imaging, developed in the Laser Optoacoustic Laboratories of ILIT RAS, NUST MISiS, and ILC MSU. These applications include combined photoacoustic and laser ultrasonic imaging for biological objects, and tomographic laser ultrasonic imaging of solids. Principles, algorithms, resolution of the developed methods, and related problems are discussed. The review is written in context of the current state-of-art of photoacoustic and laser ultrasonic imaging.
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1. Introduction


When a laser pulse is absorbed by a medium, instant thermal expansion takes place. This thermal expansion gives rise to an acoustic transient. The amplitude and shape of the transient is determined by the parameters of the laser pulse and properties of the medium. When the laser pulse is short enough (shorter than the transit time of the acoustic wave over the light absorption depth, the so-called condition of stress confinement, and shorter than the characteristic thermal diffusion time—thermal confinement), acoustic transients resemble an absorbed energy distribution. This is the physical basis of the photoacoustic effect that attracted significant attention of scientific and industrial community in the last two decades.



The photoacoustic (PA) or optoacoustic (OA) effect was discovered by Bell in [1] (1880). The first application of this phenomenon was for the measurement of IR absorption in gases [2] (1938). Investigation of the dynamics of excited molecules was performed in [3] (1946). Pulsed lasers open a new area in photoacoustics. Pioneers in this field were Askar’yan, Prokhorov, Chanturiya, and Shipulo [4] (1963). White [5] (1963) proposed the theory of thermal excitation of acoustic transients, due to surface absorption of short electromagnetic bursts. The dependence of the temporal shape of a PA signal on the value of the light absorption coefficient was established in the first experimental investigation of laser–matter interaction using a time-resolved PA method performed by Carome, Clark, and Moeller in [6] (1964). The lack of a theoretical basis, however, did not allow them to obtain quantitative results. The first attempt to give a theoretical explanation of the profile of the PA transient was given by Cleary and Hamrick [7] (1968). The relationship between the spatial distribution of heat sources and the temporal shape of the acoustic signal, excited by a laser pulse, was first theoretically analyzed in [8,9]. The method for measuring the light absorption coefficient from the shape of a PA signal, excited therein, was first suggested and experimentally realized in [10,11], and was later used in [12,13,14,15,16] for biological tissues.



Considerable technological advances in computing, data acquisition, and processing, as well as progress in piezoelectric sensor array manufacturing, lead to rapid development of tomographic techniques employing PA effects. The two most developed and widely applied tomographic imaging modalities are various types of PA imaging (PAI) and laser ultrasonic imaging (LUI).



The main difference between these two modalities is the location of light absorber. In PAI, the light is absorbed inside the investigated object and ultrasound waves carry information about the distribution of the light absorbers. Thus, the contrast in PAI is optical. In the case of LUI, the light is absorbed either in the dedicated external absorbing material (PA generator) or in the surface layer of the investigated object generating probe ultrasonic pulse. This probe pulse is scattered by the acoustic inhomogeneities inside the investigated object, and the scattered waves carry information about the distribution of acoustic inhomogeneities. Thus, the contrast in LUI is acoustic.



Although there are various techniques that are used for conversion of wide-band acoustic waves (mechanical displacement) into electronic signals, including electromagnetic [17] and capacitive transducers [18], in this review, we focus on the two widely used ultrasound detection techniques [18]: piezoelectric transducers [13,19,20] and optical interferometers and deflectors [21,22,23,24]. The non-contact nature of laser generation of ultrasound makes it attractive to develop fully non-contact (all-optical) PAI and laser ultrasonic (LU) evaluation systems employing both optical generation and optical detection of acoustic transients. Although optical sensors can possess ultrawide detection bandwidth [18], surface roughness strongly affects the sensitivity of optical detection, and overall system sensitivity is typically a few orders of magnitude smaller than that of contact wideband ultrasound sensors [24]. Therefore, the main attention is drawn, in this paper, to the piezoelectric detection of acoustic waves. The most sensitive acoustic detectors utilize resonance of physical dimensions and ultrasound waves to be detected. The product of sensitivity and the bandwidth is a constant defined by properties of the detector. Therefore, detection within a narrow frequency band is the most sensitive [25]. However, LU probe pulses, as well as PA ultrasonic transients, have intrinsic wide bandwidth that should be detected if a high spatial resolution is desired.



In the traditional pulse-echo mode of ultrasound (US) imaging, array transducers (linear array, phased array, and curved array) have replaced single element transducers decades back. It helped US imaging devices to become real-time, portable, and handheld. Similarly, the PA community has also adopted array transducers (linear, semicircular, circular, and spherical array) to develop highspeed/real-time PA imaging [26,27,28,29].



Medical imaging is continuously evolving following new medical technologies. The advances in medical imaging tools (X-ray computed tomography (X-ray CT), ultrasound (US), magnetic resonance imaging (MRI), positron emission tomography (PET), and single-photon emission computed tomography, etc.) have led to better diagnosis and patient care [26,30,31,32]. During the last decade, PAI has been evolving rapidly, from the laboratory to preclinical and clinical phases [33,34,35]. PAI is a three-dimensional (3D) hybrid imaging modality that combines the advantages of optical and acoustic imaging. Optical excitation and acoustic detection enable PAI to combine the high contrast available from optical imaging with the spatiotemporal resolution of ultrasound imaging.



Several comprehensive reviews on PAI can be found in the literature [19,22,33,34,36]. There are three types of PAI systems: photoacoustic microscopy (PAM) [34,37,38], photoacoustic endoscopy (PAE) [39], photoacoustic tomography (PAT), or photoacoustic-computed tomography (PACT) [26,33,40].



The interest in PAT is mostly connected with the successful results in tumor diagnostics obtained over the past years [16,22,26,33,34,41]. Time-resolved detection of a PA signal excited by a laser pulse in the investigated medium provides information on the spatial distribution of the optical properties of tissue. Laser pulses may be effectively used to produce acoustic waves in tissue with different optical absorption. Ultrasonic waves can propagate in biological tissue with minimal distortion and deliver diagnostic information to the surface of the tissue, where they may be detected with high temporal resolution by piezoelectric or optical detectors.



Hence, PAT uses the inherent optical contrast of tissue structure. PAT is applicable to almost any problem where the absorption of light occurs [19]. For example, in the task of tumor detection, on the one hand, the contrast of a PA image depends on the large difference in optic absorption between a tumor and healthy tissue. On the other hand, high resolution can be achieved in a PA image. In this case the penetration depth can reach several centimeters, since ultrasonic waves are attenuated much less then light (~1 dB/MHz in the range from 20 kHz to 2 MHz) in soft biological tissues [41].



PAI found applications outside biomedicine. In [42], PAT was proposed as a method for the study of femtosecond filaments in air, and the spatial resolution was studied numerically for this case. In [43], the waveforms calculated numerically were compared with those obtained in experiments. Kerr self-focusing, in the medium, causes a high-power femtosecond laser pulse to overcome the diffraction and collapse, ionizing the medium. Filamentation is a unique optical phenomenon where Kerr self-focusing is balanced with plasma defocusing, so that an elongated plasma column (the core of the filament) is formed. When the plasma recombines, the medium is heated, due to non-radiative de-excitation, and an ultrasonic pulse is generated as in traditional PAI scenarios. The core of the filament is surrounded by laser radiation (the reservoir of the filament), which contains ~90% of the laser pulse energy. In [44], the authors reported a first experimental PAT of a femtosecond filament in water. The position of the filament core was determined with 10 μm accuracy. The authors observed “the halo” around the core in the experimental images and interpreted it as the reservoir of the filament. Thus, PAT has a potential of being a direct high-resolution reservoir imaging technique.



PAT does not replace any current biomedical imaging methods; however, it can complement them. Since PAT combines optics and ultrasound, combining PAT with either optical or ultrasound imaging methods in one complex system is of interest. Since PAT already widely utilizes piezoelectric transducers, PAT systems can be combined with conventional pulse-echo ultrasound. Therefore, such systems can potentially provide not only PA images of endogenous absorbers, such as small blood vessels, but also ultrasound images of mechanical structures, indicating the boundaries of organs. In addition, combined PA and LU imaging can be used to guide invasive procedures, such as needle insertion into blood vessels [45], where the blood vessel is highlighted by PAT, and LUT is used to image the needle. As mentioned, commercial ultrasound detectors have been applied in PAT, such as hand-held arrays, as the PA detector, while optical fibers are used to deliver light [16,46]. Since LUI share similarities with conventional ultrasound, combining PAI and LUI is also of interest.



During the last decade, constant improvements have been made in materials and structures design and control. However, in some problems (e.g., in the field of the reliability), conventional methods (like X-ray computed tomography, conventional ultrasound etc.) are approaching their limits, and the use of the new alternative technologies may be advantageous. LUI can be used for measurements of residual stresses, porosity, local elastic moduli, detection of microscopic internal cracks, and accurate measurements of the surface profile in various materials [47,48,49,50].



LUI systems can employ raster scanning with 1D depth profiling using a single LU transducer, or it can gather scattering information using multiple receivers forming a tomogram. The latter can be called LU tomography (LUT), analogous to PAT. In addition, LUI can be used to reconstruct the distribution of speed of sound in the investigated object with transmission mode time-of-flight measurements [51].



LUT is an acoustic imaging modality that has much in common with conventional ultrasound imaging—the inhomogeneities of compressibility and density in the object reflect and scatter ultrasonic probe pulse. However, the probe pulse is generated in a dedicated light-absorbing material via a photoacoustic effect. While PAT and LUT image different physical properties, they share a common underlying principle of ultrasound generation and reception and, therefore, can share a common laser light source and a common ultrasound detection system, providing complementary information about the object under study. In the following sections, we will discuss the progress in PAT systems, and compare it with LUT with array-based ultrasound transducers.



The separation of the ultrasound generation and detection processes in LUI allows for their separate optimization. The amplitude and the temporal shape of the probe pulse can be optimized for a given task by choosing appropriate laser and material for the PA generator. The piezoelectric transducers can be damped to widen their reception bandwidth (therefore increasing the image quality) at the cost of lower reception sensitivity. However, since the amplitude of the probe pulse can be optimized separately, the overall sensitivity of the system can be maintained.



LUT was applied to the immersion ultrasound profilometry of solid samples [52,53], measurements of internal geometry of solid samples with complex external surface [54], inspection of thick welded joints [55], and evaluation of internal structure of rock samples [56] and biological objects [45,57,58,59,60,61] (often in combination with PAT). These applications will be reviewed, in more detail, below.




2. The Methods of PAI and LUI


2.1. Applications of PAI and LUI—Image Formation Principles


Advantages of the PAI for characterization of optically heterogeneous tissue structures with high spatial resolution were demonstrated over the past several years [14,15,16,62,63]. One of the major merits of PAI is high sensitivity in detecting variations of laser-induced heating. Unique features of PAI found utility in various medical applications, including detection of early cancer [62], monitoring therapeutic effects of lasers in tissues [64,65], and measuring tissue properties and molecular content [26,30,65]. Optimal design and development of PAI and monitoring systems requires, first of all, comprehensive analysis of capabilities and limitations in detection of wide-band ultrasonic transients.



From an image formation standpoint, both conventional ultrasound and PAT can use delay-and-sum type algorithms. However, an important difference between conventional ultrasound and PAT is that ultrasonic systems normally operate in a pulse-echo mode, and it is possible to phase array elements for the radiation whereas, in PAT, the ultrasound sources are inside the investigated object and their radiation pattern is not known in advance. For this reason, the algorithm of image reconstruction is different than in classical ultrasound and, thus, the dependences of resolution and the contrast range of the obtained images differ from the array parameters, as well [66].



The LU method uses sound generation by a laser pulse absorbed in a thin surface layer of the investigated medium, or a dedicated PA generator, the propagation of an ultrasonic pulse in the investigated medium and recording of the passed or scattered ultrasonic signals with high temporal resolution, like conventional ultrasonic method. This trend of object diagnostics is similar to conventional ultrasonic diagnostics and echoscopy [67]. Active research is being conducted to find better materials for PA generators [68]. The advantage of the LU method, compared with other methods, is laser generation of short and intense aperiodic ultrasonic pulses, inaccessible to the usual ultrasonic transducers [69,70]. The method provides efficient excitation in a wide spectral range, from one to tens of megahertz. The short duration of the probing ultrasonic pulse results in an increase in longitudinal spatial resolution, while a reasonable width of the signal band is preserved. The small diameter of the probing beam serves to increase sensitivity; the aperiodic probing pulse almost completely avoids a “dead” zone.



The temporal shape and the amplitude of the ultrasonic pulse depend on the light absorption and thermal conductivity of the medium, the temporal profile of laser pulse intensity, and the density of the absorbed laser energy [70,71]. The pulses have a smooth bipolar profile free from reverberations (Figure 1a). The spectral band of such pulses lies within a wide frequency range, limited only by the spectrum width of the laser pulse (Figure 1b). In contact LUI scenarios, a dedicated PA generator, made of a light-absorbing material, is typically used to generate LU probe pulse [66,70]. In this case, the temporal shape and the amplitude of the pulse are fixed, and can be optimized for the particular task. The surface absorption in the investigated medium can be used, for example, in non-contact LUI applications [55]. The temporal shape and the amplitude of the probe pulse here may depend on a particular point of the sample where the light pulse is absorbed.




2.2. Forward and Inverse Problems of PAT and LUT—Reconstruction Algorithms


2.2.1. Algorithms for PAT


A forward problem for PAT, under the assumption of absorption of short laser pulse and acoustically homogeneous lossless medium, is formulated as a wave equation with initial pressure source:


     ∂ 2  p   ∂  t 2    −  c 2   ∇ 2  p =  p 0   ( r )    d δ  ( t )    d t   ,  



(1)




where   p  (  r , t  )    is the acoustic pressure field,  c  is the speed of sound in the medium,    p 0   ( r )    is the initial pressure distribution in the light absorbing material, and   δ  ( t )    is the Dirac delta function. Note, that    p 0   ( r )  = Γ  ( r )  H  ( r )   , where   Γ  ( r )  = β  c 2  /  c p    is the Gruneisen parameter,   H  ( r )    is the amount of optical energy, absorbed in the medium per unit volume [70],   β = −  ρ  − 1      (  ∂ ρ / ∂ T  )   p    is the volume thermal expansion coefficient,  ρ  and  T  are the density and temperature of the medium,    c p    is the specific heat capacity at constant pressure.



Solution of Equation (1) is given by


  p  (  r , t  )  =  1  4 π c    ∂  ∂ t    ∫   |  r − r ′  |  = c t      p 0   (  r ′  )     |  r − r ′  |    d  S ′   (   r ′  , t  )  ,  



(2)




where the integral is taken over a surface of a sphere in 3D, and   d  S ′    is the surface element. The inversion of Expression (2) to obtain    p 0   ( r )   , using known dependences of pressure on time   p  (   r m  , t  )    in a set of points    r m   ,   m = 1 , … , N  , where  N  is the number of sensors on the detection surface, is the basis for the majority of the algorithms in PAT. All reconstruction algorithms can be divided into two groups. The first group considers the PA source (the initial pressure distribution) to be continuous, and it includes time-reversal, Fourier-domain, and back-projection algorithms. The second group, which is represented by the model-based algorithms, considers the PA source to be inherently discrete (typically a sum of a finite number of functions with limited support). As there are good reviews on algorithms for PAT (e.g., [72]), they are reviewed here briefly.



Time reversal algorithm. Time reversal is based on the invariance of the wave equation to the substitution   t → − t  . Let us denote sufficiently large time by    t 0   , so that acoustic pressure in medium volume  V  decays to   p  (  r ,  t 0   )  = 0  . Let us define the reversed pressure wave as


   p  t r    (  r , t  )  = p  (  r , 2  t 0  − t  )  ,    t 0  ≤ t ≤ 2  t 0  .  



(3)







The inhomogeneous wave equation (Equation (1)) is equivalent to the homogeneous wave equation with initial conditions   p  (  r , 0  )  =  p 0   ( r )    and    (  ∂ p / ∂ t  )   (  r , 0  )  = 0  . The homogeneous wave equation is invariant under transform   t → − t  , then    p  t r    (  r , t  )    is a solution of homogeneous wave equation with initial conditions    p  t r    (  r ,  t 0   )  = p  (  r ,  t 0   )  = 0   and    (  ∂  p  t r   / ∂ t  )   (  r ,  t 0   )  = −    (  ∂ p / ∂ t  )   (  r ,  t 0   )  = 0  .



According to Equation (3), time reversal gives the initial distribution of acoustic pressure    p 0   ( r )    at time   t = 2  t 0   . Measured values are known on the boundary of medium volume   ∂ V —  the detection surface    S 0   . Hence, time reversal assumes the solution of system:


   {         ∂ 2   p  t r     ∂  t 2    −  c 0 2  Δ  p  t r   = 0      (  r , t  )  ∈ V ×  [   t 0  , 2  t 0   ]         p  t r    (  r ,  t 0   )  =   ∂  p  t r     ∂ t    (  r ,  t 0   )  = 0     r ∈ V        p  t r    (  r , t  )  = p  (  r , 2  t 0  − t  )       (  r , t  )  ∈ ∂ V ×  [   t 0  , 2  t 0   ]        .  



(4)







To find the reconstructed initial pressure distribution    p 0 r   ( r )  =  p  t r    (  r , 2  t 0   )   , the solution can be carried out using, for example, Fourier transform in combination with Green’s function. One of the key advantages of these types of inversion algorithms is that they do not assume the medium to be acoustically homogeneous, and can even be generalized to account for acoustic absorption and dispersion. However, such algorithms are quite computationally expensive, and still cannot be used for real-time imaging.



Fourier transform-based algorithm. Fourier-domain algorithms for PAT [73] are based on the decomposition of the acoustic field. Such algorithms are usually applied when planar detector geometry is used, and the medium is assumed to be acoustically homogeneous. In this case, the acoustic field can be decomposed into the sum of planar monochromatic waves using efficient Fourier transform algorithms. In the cases of spherical and cylindrical detector geometries, the acoustic field has to be decomposed into the sum of spherical or cylindrical waves, respectively, which cannot be done with such high efficiency. They operate using spatial and temporal frequency components   k =  (   k x  ,  k y  ,  k z   )    (wave-vector) and  ω  (temporal circular frequency) of solution:


  p  (  r , t  )  =    (  2 π  )    − 3   ∫  P 0   ( k )  cos  (  ω t  )  exp  (  ı k ⋅ r  )   d 3  k , ω = c  | k |  = c    k x 2  +  k y 2  +  k z 2    ,  



(5)




where    P 0   ( k )  = ∫  p 0   ( r )  exp  (  − ı k ⋅ r  )   d 3  r  . The spatial spectrum of the pressure field acquired by the planar detector at the plane   z = 0   is


  A  (   k x  ,  k y  , t  )  = ∫ ∫ p  (  x , y , z = 0 , t  )  exp  [  − ı  (   k x  x +  k y  y  )   ]  d x d y .  



(6)







The spatial spectrum of the reconstructed initial pressure distribution    P 0 r   ( k )    can be obtained by the inverse spatial Fourier transform of the expression:


   P 0 r   [   k x  ,  k y  ,  k z  = ±      (  ω / c  )   2    −  k x 2  −  k y 2     ]  = ± 2    c 2   ω       (  ω / c  )   2    −  k x 2  −  k y 2     ∫ 0 ∞  A  (   k x  ,  k y  ,   t  )  cos  (  ω t  )  d t .  



(7)







Back-projection algorithm. Xu and Wang [74] derived the exact inversion back-projection type formula for the cases of planar, cylindrical, and spherical detector geometries under the assumption of uniform speed of sound in the medium:


   p 0 r   ( r )  =  ∫   S 0      d  Ω 0     Ω 0       [  2 p  (   r S  , t  )  − 2 t   ∂ p  (   r S  , t  )    ∂ t    ]    t =  |  r −  r S   |  / c   ,  



(8)




where integration is preformed over the detection surface    S 0   ,   d  Ω 0    is the solid angle of the detection surface element   d  S 0    at point    r S   , and    Ω 0    is the solid angle of the whole surface    S 0    as seen from point  r . Expression (8) can be easily interpreted. If there is a point-like PA source at the point,  r , the travel time   t  (   r S   )    of the acoustic wave, from this source to the detector at the point    r S   , will be    |  r −  r S   |  / c  . Therefore, for each detector, a “probability sphere” of radius   c t  (   r S   )    can be constructed, and the PA source will be located at the intersection of all the “probability spheres” for all the detectors. Reconstruction of the amplitude of the PA source requires the quantity in square brackets in (8) to be projected onto the “probability sphere” and all the results for all the detectors to be summed.



Model-based algorithms. Model-based algorithms generally use a discrete representation of (2), with decomposition of initial pressure distribution    p 0   ( r )    into a finite sum of pre-defined basis functions with decomposition coefficients [75,76]. This decomposition usually results in a system of linear equations, which have to be solved to find the vector of decomposition coefficients. For illustration, we follow [75], and take a discrete representation of the integral in (2) in spherical coordinates, expressing the surface element as   d  S ′   (   r ′  , t  )  =    |  r −  r ′   |   2  cos ϕ d ϕ d θ  


   ∫   S ′   (  r , t  )       p 0   (  r ′  )     |  r − r ′  |    d  S ′   (  r ′ , t  )  =  ∫ ϕ   ∫ θ   p 0   (  r ′  )   |  r − r ′  |  cos ϕ d ϕ d θ ≈ Δ ϕ Δ θ   ∑  l   p 0   (   r l ′   )   |  r − r ′  |  cos  ϕ  l ,   .  



(9)







Here,    p 0   (   r l ′   )    denotes the values of initial pressure in the points of spatial grid,  ϕ  and  θ  are the spherical coordinates of the surface element   d  S ′   , and   Δ ϕ   and   Δ θ   are its angular sizes. Combining Equations (2) and (9), discretizing in time, a system of linear equations can be written:


  p  (   r i  ,  t j   )  ≈   ∑   l = 1    a l  i j    p 0   (   r l ′   )  →  p  = A   P  0  ,  



(10)




where the second equation is a matrix form of the first equation,   p  (   r i  ,  t j   )    is the pressure at time instant    t j    recorded by the sensor located at    r i   ,   p =  {  p  (   r i  ,  t j   )   }   . Here,   A =  {   a l  i j    }    is the model matrix, which is defined by the geometry of the setup and the properties of the medium. The vector     P  0    denotes the initial pressure in grid points, and is to be found, as it gives the distribution of optical absorption. A minimization problem


    P  0  = arg   min  P    ‖  p  − A P ‖  2  + R ,  



(11)




where  R  is a regularization term, has to be solved to find vector     P  0   . The numerical methods, such as LSQR, Moore–Penrose pseudoinverse [76], and others, can be used for this purpose.



Summing up the benefits of different reconstruction algorithms, when a small number of receivers is used (  N ≲ 100  ), the images reconstructed by the time-domain algorithms have less artifacts than those reconstructed by Fourier domain methods. If large number of receivers is used, then the situation is reversed [73]. Fourier domain algorithms are generally fast, due to use of fast Fourier transform. However, they are applicable for real-time imaging only when planar detector geometry is used, and cannot account for non-uniform distribution of speed of sound. Model-based algorithms can be modified to account for different a priori factors and provide more accurate images, but requirements for memory and computational capacities are high. In our studies, we used back-projection algorithm for PAT, as it can be applied to different detector surfaces and can be parallelized for real-time operation. Another advantage is that obtained images are easily interpreted, that enables modification to account for non-uniform speed of sound distribution in a set of important cases.




2.2.2. Algorithms for LUT


In the majority of applications reviewed in the present article, shear waves can be neglected. Therefore, here, we consider a forward problem of ultrasonic tomography in approximation of propagation of longitudinal waves in an infinite medium with no boundaries [77]:


   ∇ 2  p −  1   c 2       ∂ 2  p   ∂  t 2    =  γ κ   ( r )   1   c 2       ∂ 2  p   ∂  t 2    + ∇ ⋅  [   γ ρ   ( r )  ∇ p  ]  ,  



(12)




where   κ , ρ   are constant compressibility and density of the infinite medium,    κ ˜  ,  ρ ˜    are actual (inhomogeneous) compressibility and density,    γ κ   ( r )  =  (   κ ˜   ( r )  − κ  )  / κ ,    γ ρ   ( r )  =  (   ρ ˜   ( r )  − ρ  )  /  ρ ˜   ( r )  —  their deviations in a region with an object,    c  − 2   = ρ κ  , and  c  is a speed of sound in the infinite medium. Even in this simplified formulation of the inverse problem, finding reflectivity of the medium is very complicated.



Generally, all ultrasonic algorithms for solution of the inverse problem can be divided into two groups. Algorithms of the first group are based on a ray approach, and the second wave approach to solution of the inverse problem. Wave algorithms provide better resolution; however, they have strong requirements for memory and computational capacity. Therefore, it is more reasonable to use a ray-based approach for real-time imaging applications, which will be shortly reviewed here.



Back-projection. There are few exact inversion formulas derived for ultrasonic tomography, and all of them are derived for soft biological tissues. Most of the inverse problems are solved under Born or Rytov approximations, or iteratively under these approximations. Single scattering covers the majority of regions of interest in nondestructive testing and evaluation (NDT&E) and biological imaging. Norton and Linzer [77] derived one of such solutions for calculation of unknown parameters from backscattering measurements, for the general case of broadband insonification by a spherically diverging probe pulse under the assumption of the first Born approximation. They have shown that, in this case, simple back-projection gives a solution close to exact, under general practical conditions. The back-projection process is an easily interpreted reconstruction procedure, which assumes summing up all the signals recorded by all the sensors, which are known to have been scattered from the specified point.



Synthetic aperture focusing. Many systems for ultrasonic tomography of solids are based on the synthetic aperture focusing technique (SAFT) [78,79,80]. In this technique, an acoustic array of piezoelectric transducers is used in a pulse-echo mode. A single ultrasonic image is obtained by a series of electric pulses. In each “shot”, different time delays are applied to each element of the array in different sequences, to effectively focus the imaging system onto different points of the inspected object. Scattered waves are detected, and electrical signals are used to calculate “one-shot” images by, e.g., back-propagation. The resulting image is obtained by summing up of all “one-shot” images. The multiple “shot” reconstruction leads to a sufficiently long reconstruction process which, however, can be optimized for real-time applications.



A filtered back-projection algorithm can be used in LUT [81]. The PA generator is a plane-parallel plate; therefore, the probe plane wave travels along z-axis towards the acoustic inhomogeneity, located in immersion liquid at the point    r  i j   =  (   x i  ,  z j   )    of image. The scattered and reflected waves are detected by the  m -th sensor at the point    r m  =  (   x m  ,  z m   )   ,   m = 1 , … , N  . The total travel time is calculated as    T  i j m   =  (  z +  |   r m  −  r  i j    |   )  /  c 0   . The effective amplitude of scatterers is given by the sum over “paraboloids (in 3D) or parabolas (in 2D) of probability”:


  ϵ  (   r  i j    )  =   ∑   m = 1  N  p  (   r m  ,  T  i j m    )  ⋅  |   r m  −  r  i j    |  ⋅ D  (   r m  ,  r  i j    )  ,  



(13)




where   ϵ  (   r  i j    )   —the strength of the scatterer at the point    r  i j     of the image,   p  (   r m  ,  T  i j m    )  —  the amplitude of pressure detected by the  m -th transducer at time    T  i j m    ,    |   r m  −  r  i j    |    accounts for the   1 / r   attenuation of spherical waves scattered at    r  i j    , and   D  (   r m  ,  r  i j    )    accounts for directivity pattern of transducers to reduce streak artifacts in the reconstructed image. The back-projection algorithm, in the present form, provides reasonable results, and can be parallelized for real-time operation.





2.3. Spatial Resolution, Sampling, and Limited-View Issues


While the closed-form solution exists for the inverse problem of PA imaging, in practice the measured data is not perfect. The experimental signals contain noise. The sensors have finite bandwidth and aperture, while the reconstruction formulas assume they are point-like. The sensor array contains a finite number of sensors, and the experimental signals contain a finite number of samples, so the problem is discrete, rather than continuous. Finally, the investigated object may not be accessible from all angles, so the sensor array has limited angular aperture (limited view). In addiction, the analytical solutions usually assume lossless acoustically homogeneous medium, which may not be the case in practice. All these imperfections affect the image quality.



The effects of imperfect imaging setup can be quantified using the point-spread function (PSF). PSF is the image of a point source reconstructed by the system. For the perfect system, the PSF is a Dirac delta function. Generally, for a given imaging setup,   P S F  (  r |  r 0   )    functionally depends on the image spatial coordinates  r , and parametrically depends on the coordinates of the point source    r 0   . The imaging system is usually assumed to be linear. In this case, the image of a non-point-like source is a spatial convolution of the source with the PSF. The sizes (e.g., full width at half-maximum, FWHM) of the PSF along three spatial directions—axial, lateral, and elevation—are the spatial resolutions of the system. PSF depends on both the geometrical characteristics of the sensor array and the reconstruction algorithm [82].



Manufacturing of sensor arrays remains a complicated procedure. Therefore, characterization and comparison of sensor array geometries is an important task. In [82,83], the authors propose the sensitivity maps and spatial resolution maps for characterization of the toroidal sensor arrays with limited view and back-projection reconstruction algorithm. Toroidal arrays are promising for real-time 2D imaging with high lateral resolution [84]. Such arrays are curved, both in the image plane (to achieve high lateral resolution) and perpendicular to it (to achieve high elevation resolution). Construction of the sensitivity and spatial resolution maps involves placing a point PA source, calculating the response of all the sensors, accounting for their finite size and bandwidth, reconstructing the image of the source (PSF), and calculating its FWHM in axial and lateral directions (spatial resolutions—dimensions of   P S F  (  r |  r 0   )   ) and maximum amplitude (sensitivity is     max  r  P S F  (  r |  r 0   )    and depends on    r 0   ). Figure 2 shows the examples of such maps for cylindrical and spherical sensor arrays.



Having analyzed more than a hundred sensitivity and spatial resolution maps, the authors provided approximate formulas for the FWHM of the sensitivity map along  z -axis  D  and the lateral resolution   L a t   [82]:


   D 2   ( R )  =  D F 2  + 4    (  R − F  )   2    sin  2   [     (   D ∞ 2  −  D F 2   )    1 / 2   /  (  2 R  )   ]  ,  










  L a  t 2   ( R )  = L a  t F 2  + 4    (  R − F  )   2    sin  2   [     (  L a  t ∞ 2  − L a  t F 2   )    1 / 2   /  (  2 R  )   ]  ,  








where  R  and  F  are the radii of curvature of the sensor array in the image plane and perpendicular to it, and    D F   ,   L a  t F    are FWHM of the sensitivity region and the lateral resolution for a spherical array (  R = F )  ,    D ∞   ,   L a  t ∞   —for a cylindrical array (  R → ∞  ). As the radius of curvature increases (sensor array is getting “more cylindrical” and less focused in the image plane) the size of the region with high sensitivity increases, and the lateral resolution worsens. Spherical arrays have the best lateral resolution and the smallest region with high sensitivity. Toroidal geometry of the array can be optimized for a specific task using formulas above.



Earlier the practical limitations for PA imaging were addressed in [85]. Here, we will briefly review the results and try to draw parallels between PA and LU imaging.



In the case of a finite bandwidth of the sensors and full-view reconstruction in ideal medium, the PA PSF is isotropic, spatially independent, and depends on the sensor’s temporal response   h  ( t )   :   P S F  (  r |  r 0   )  = P S F  (   |  r −  r 0   |   )  = −  (   h ′   (   |  r −  r 0   |  / c  )  +  h ′   (  −  |  r −  r 0   |  / c  )   )  /  (  4 π  |  r −  r 0   |   )   . In the case of a finite sensor aperture, the registered signal is a spatial average of the actual ultrasonic field. The PSF is typically spatially dependent and anisotropic. If the sensor’s bandwidth is infinite, the angular size of the PSF (as seen from the center of curvature of the detection surface) is generally equal to the angular aperture of the sensor. The spatial resolution maps show that increasing the radius of curvature in the image plane decreases the lateral resolution. If the detection surface is an infinite plane, the PSF will be spatially independent. The axial resolution in PAI is determined by the bandwidth of the sensors    f  s e n s    , the lateral resolution by the angular size of the sensors in the image plane, and the elevation resolution by the width of the sensors in the elevation direction and focusing.



The axial spatial resolution in LUI seems to be twice as good as the axial resolution in PAI. Let two point-like PA sources (or LU scatterers) be separated by the distance  d  in the medium with speed-of-sound  c . The duration   δ t   of the temporal response from each source/scatterers is limited by the bandwidth of the sensors (and the duration of the probe pulse in LUI):   δ t ≳ 1 /  f  s e n s    . The temporal responses from the two point-like PA sources will not overlap when   d / c ≳ δ t ≳ 1 /  f  s e n s    , since the PA pulses travel from the sources to the sensors only once. The temporal responses from the two point-like LU scatterers will not overlap when   2 d / c ≳ δ t ≳ 1 /  f  s e n s     since, first, the LU probe pulse should travel the distance  d  between the scatterers, and then the reflected pulse should travel the distance  d  back to the sensor. For the same reason, the LU PSF (the LU image of a point-like acoustic scatterer) is half as thick in the longitudinal direction, in comparison with PA PSF. If, however, the acoustic boundary is highly reflective, the travel-time can be estimated using dedicated time-delay estimation algorithms. In this case, the distance to the boundary can be found with much better accuracy than the size of LU PSF [52,53].



Temporal sampling usually does not pose a problem, provided the sampling frequency of the analog-to-digital converter (ADC) fulfills the Nyquist criterion. Spatial undersampling leads to the increased number of artifacts in the image. The particular shape of the artifacts depends on the reconstruction algorithm. For the back-projection algorithm, the artifacts are streak-shaped. In PAI, the streaks have a spherical (or circular) shape, while in LUI with planar probe pulse, the streaks’ shape is parabolic. In general, the streaks have a shape of lines of constant times-of-flight of the PA or LU acoustic response. The amplitude of the streak artifacts decreases as   1 / N  , where  N  is the number of the sensors, since  N  streaks are summed coherently in a single point in space where the source is located. Oversampling in the spatial domain (scanning with step-sizes smaller than the sensor’s aperture), as well as oversampling in the time domain, cannot mitigate the blurring if the reconstruction procedure assumes point-like sensors with infinite bandwidth. Hence, sensitivity and spatial resolution maps depend only weakly on the number of sensors [82]. While there are algorithms that may restore the higher frequencies lost during the measurements, they may enhance the high-frequency noise and should be used with care.



Limited view scenarios can be analyzed in the far-field approximation. Let the acoustic field be represented as an infinite sum of plane monochromatic waves (by spatiotemporal Fourier transform). Let the sensor at point   r  (  r ,  θ r  ,  φ r   )  = n r   (where   r ,  θ r  ,  φ r    are the spherical coordinates of the sensor), far away from the source in the origin, detect the plane waves with wave vectors   k = n ω / c  . If the PA source is an infinitely thin plane normal to vector   ν  (  1 , θ , 0  )    (Figure 3), then the PA response will be a plane wave with wave vectors   k = ν ω / c   that can be detected by the sensors with   n = ν  . If the LU reflector is the same infinitely thin plane, and the probe pulse is a plane wave with a wave vector   m  (  1 , π , 0  )  ,   then the reflected wave will have the wave vectors   k = u ω / c  , where   u  (  1 , 2 θ , 0  )   . Therefore, the angular aperture necessary to detect the reflected LU pulse should be twice as large as the angular aperture necessary to detect the PA response. In PAI, the angular aperture of   2 π   steradian is sufficient for exact reconstruction, since the PA response in the direction    (  – ν  )    can be expressed using the response in the direction  ν . In LU imaging, the acoustic inhomogeneities cannot be reconstructed without full tomographic coverage.



In general, for PA imaging, the “visibility” condition [86] states that the image will be blurred away (“invisible”) at point  P  on the sharp boundary  L  of the object, if the normal to  L  at  P  does not pass through any receiver (there is no sensor that will detect the corresponding plane wave). In LU imaging, the “visibility” condition is analogous. Non-linear combination of multiple images for different positions of the sensor array [27], or different positions of the point-like sources inside the object [87], can be used to improve image quality. However, these approaches require longer acquisition times.





3. Combining PAI and LUI in Biomedicine


3.1. Hybrid Methods


Rapid evolvement of multimodal (hybrid) techniques is a noticeable trend in biomedical imaging [63,88,89,90,91]. Multimodal systems enable more comprehensive examinations of biological specimens without the need of repositioning them in independent set-ups, thus allowing for a reduction of motion artifacts and higher throughput [91]. By leveraging the strengths of different imaging modalities, hybridization provides a better picture of the tissue anatomy and function as compared to stand-alone modalities [92]. On the one hand, multiple multimodal approaches have been exploited for both preclinical and clinical investigations at the macroscopic level, by combining the different contrast mechanisms available in whole-body imaging modalities, such as X-ray CT, MRI, PET, or SPECT [93,94]. On the other hand, various microscopic methods can also be combined into multimodal devices, in order to examine shallow tissue regions [95,96,97].



Efficient combination of the two modalities (PAT and LUT) may be fundamentally advantageous, since LUT enables easy anatomical navigation and localization of structures, while PAT can provide additional functional information, which translates into better applicability in a clinical setting. As both the modalities are based on ultrasound detection, they can be, in principle, readily combined into a highly complementary hybrid imaging system [98].



In this section, we will review the combination of PAT and LUI diagnostics and their biomedical applications. By “combined systems”, we mean the systems that are capable of co-registering PA and LU pressure signals with the same sensor array. The sensor array provides the same coordinate system for both modalities, and the images can be overlaid [85].




3.2. Combined PA and LU Speed-of-Sound Imaging


LU speed-of-sound (SoS) measurement method found wide applications in material characterization, due to its high accuracy. SoS can be used to determine local elastic moduli, porosity, and residual stresses. Depending on composition of the biological tissue, the SoS can vary between 1350 m/s and 1700 m/s [99]. The quality of PA images reconstructed, without taking into account SoS variations, may be degraded. The short duration and aperiodic waveform of LU probe pulse makes it possible to make accurate transmission mode measurements of the SoS in various media [70], and use the reconstructed SoS map to correct PA images.



In the approximation of geometrical acoustics, the total travel time of a probe pulse along the ray path is


  T =  ∫  l  ( r )      d l    c ˜   ( r )    ,  








where    c ˜   ( r )    is the inhomogeneous speed of sound, and   l  ( r )    is the ray path. Generally,   l  ( r )    depends on    c ˜   ( r )   , and the problem is non-linear. However, if the variations in the speed of sound are small (weakly refractive tissues), the problem can be linearized. If    T 0    is the travel time and   l  (   r 0   )    is a straight path in a homogeneous medium with a speed of sound  c , we get


  T =  T 0  + δ T ≈  T 0  +  ∫  l  (   r 0   )     (   1   c ˜   ( r )    −  1 c   )  d l .  











Since the integration paths are now straight, we have a form of a classical Radon transform with well-established solution techniques.



Manohar et al. was the first to use a carbon fiber or a horsetail hair placed in the path of laser light as a PA generator, and a US array as a receiver in fan-beam fashioned (Figure 4) SoS imaging [51,99,100,101]. Such a PA generator (which the authors refer to as a “passive element”—PE) acted as a point PA source in the image plane. The laser light was not blocked completely by the PE 250 μm in diameter, and the remaining major part of laser light was used for illumination of the sample and PA imaging. A cross-correlation of the recorded waveforms with the reference waveforms (without a sample) was used to obtain the rough estimate of travel time, and the phase difference   δ ψ   at a specific frequency  f  was used to calculate   δ T = δ ψ /  (  2 π f  )    in [51], because frequency-dependent acoustic attenuation and SoS dispersion in the tissue could cause the pulse shape to degenerate.



The setup was later modified to perform the hybrid “PA + SoS + Acoustic attenuation” imaging [100]. The time-domain travel-time estimation method employed iterative Gauss–Newton optimization for a non-linear problem:    [  T , A  ]  =   arg    [  τ , A  ]    min   ‖ p  ( t )  − Ah   (  t + τ  )   ‖  2   , where   p  ( t )    is the recorded waveform, and   h  ( t )    is the signal from the PA generator. The acoustic attenuation was estimated in the frequency domain by minimization accounting for frequency dependence and dispersion. Later, multiple PEs, illuminated all at once by a single laser pulse, were introduced in [101] to speed up data acquisition. Nine horsetail hairs were placed so that signals from individual PEs did not overlap. Although on phantoms, the measurement time was reduced eightfold, the image quality slightly degraded when compared with a single PE. Finally, in [99], the authors employed an iterative TV-regularized reconstruction algorithm that used Eikonal Equation for both SoS and PA imaging:      |  ∇ T  |   2  =      c ˜    − 2    , where   ∇ T   is the gradient of the wavefront. The modified fast marching method was used to calculate the first arrival time, accounting for ray bending according to Snell’s law. The SoS and PA images of a kidney of a mouse embedded in an agar matrix were presented, although SoS map did not detail the inner structure of the organ.



Wurzinger et al. [102] also used multiple PA generators (twenty 1 mm broad stripes of black acrylic paint on a transparent staircase-shaped polymer substrate) for SoS imaging in straight-ray approximation. The authors employed a single free-beam Mach–Zehnder interferometer as a receiver. Pressure waves that crossed the detection laser beam caused the change of the refractive index of water, and corresponding change in the optical path length, which was detected by the interferometer. The setup was later modified to include pulse-echo LU imaging [87] (Figure 4), implemented by the authors earlier [81,103] without SoS imaging.



The setups discussed earlier were designed to acquire the projection data from a 2D slice (  x y  -plane) of an object by rotating the sample. Then, the sample was translated perpendicular to the slice plane (in  z -direction) to obtain 3D images. Ermilov et al. [104] reported a combined volumetric 3D “PA + SoS” system, where all the projection data was acquired with a single rotation of the sample object. The 150° arc-shaped array, with 64 piezocomposite transducers, was placed vertically (in   x z  -plane), and multiple PA generators were placed diagonally (in the   y = z   plane) along a straight line. The outputs of 33 optical fibers (600 μm in diameter) were directed at a polymer film painted with black acrylic. For each rotational position of the object, a fiber-optic output of the laser was sequentially aligned, with each of the 33 fiber inputs using a motorized stage and a ball-lens projection system. The full SoS scanning time was 1.5 h. The SoS maps were reconstructed in straight-ray approximation with TV regularization. 3D multi-wavelength PA images of a nude mouse in vivo, and combined 3D “PA + SoS” images of phantoms, were presented.




3.3. Combined PA and LU Pulse-Echo Imaging


PA imaging can be combined with pulse-echo ultrasound imaging. PA imaging has high contrast and can provide spectroscopic information, while ultrasound can provide morphological and anatomical information about the surrounding tissues and structures. Thus, numerous systems combining PA imaging with conventional B-mode ultrasound (US) imaging were proposed (e.g., [84,105,106,107,108,109,110,111,112,113]) and some integrated PAUS systems are commercially available (e.g., Fujifilm VisualSonics Vevo LAZR or Seno Medical Instruments Imagio). LUI may be advantageous, since it may use the same laser pulse to generate the probe pulse and the bandwidth of the probe pulse may be wider (from 1 to 10 MHz). The ultrasound transducers can also be optimized for wideband reception and better acoustic coupling, since they are not used for ultrasound generation.



Simonova et al. [41] were, to the best to our knowledge, the first to manufacture a combined “PA + LU” system. The system contained a planar array of sixteen 1 mm-wide broadband (1.6–9 MHz) polyvinylidene fluoride (PVDF) piezoelectric transducers glued to the plane-parallel black polymer film (100 μm thick) as a PA generator and poly (methyl methacrylate) (PMMA) cylindrical focusing acoustic lens (Figure 5) for 2D “PA + LU” imaging. The piezoelectric elements were damped, and detected the full PA generation bandwidth. Later [45], the system was equipped with a real-time field-programmable gate array (FPGA)-based data acquisition system, and used for medical needle guidance studies. PA imaging was used to locate the polymeric blood vessel model filled with a diluted Indian ink solution, and LU imaging was used to track the position of the needle tip inside the vessel. The setup was proposed to prevent piercing blood vessels through. In this scenario, both the blood vessel and the needle acted as PA sources, so LUI helped to determine the needle tip position inside the vessel more accurately. The achieved frame rate was 10 Hz. The acceptance angle of the needle was not studied in [45], but it was noted that wideband LU probe pulse reverberates inside the needle, which could be used to identify the needle.



It is worth noting that combined “PA + US” systems, proposed for needle guidance earlier [114,115], used PAI differently. There, the needle acted as a cylindrical PA source, and the PA image showed the position of the needle relative to the US array and the injected absorptive agent, while the US image provided anatomical landmarks. In this imaging scenario, the PA imaging helped to enhance the contrast of US images of the needle and effectively double the acceptance angle  ϑ  between the needle and the linear US array. In the purely US needle guidance scenarios, the needle acts as an ultrasonic reflector, since it has an order of magnitude higher acoustic impedance than the surrounding tissue. However, the acoustic wave reflected from the needle travels at the   2 ϑ   angle to the linear array. In PAI of the needle, the wave generated by the needle travels along the normal of the needle, so the angle of incidence on the array is equal to  ϑ . If the angle of incidence exceeds the angular size of the main lobe of the piezoelectric sensor, the needle becomes “invisible”. It could also be said that the effective doubling of the acceptance angle occurs because the angular aperture necessary to detect the reflected LU pulse should be twice as large as the angular aperture necessary to detect the PA response. While, in [115], the achieved frame rate (10 Hz) was limited by the repetition rate of the high-power laser and, in [41], the authors used a high repetition rate (~1 kHz) laser with relatively low pulse energy (~2 mJ), and integrated it with a real-time clinical ultrasound scanner. The narrow laser beam was scanned over the imaging area using a rotating galvo-mirror, and the 256-element linear US array was used for both modalities. The combined PA/US imaging system achieved 30 frames (2.8 × 2.8 cm) per second.



Another approach to needle guidance is integrating the PA generator and ultrasound sensor into the needle tip [116,117,118]. In [117], the needle contained three fibers. The authors used a Fabry–Pérot cavity (two dielectric mirror coatings with an epoxy spacer in between) manufactured on the end face of the fiber as a receiver, a composite coating (polydimethylsiloxane with integrated multiwalled carbon nanotubes) on the end face of another fiber. The third fiber was supposed to be used for PA illumination; it was not used in [117], but was used in [116]. The needle tip tracking was implemented in [116]. The linear US array, at the tissue surface, transmitted acoustic pulses which were received by the fiber-optic sensor in the needle tip. The accuracy was better than 1 mm in both axial and lateral dimensions. One of the main challenges was crosstalk, since the generator and the receiver were situated at a very close proximity inside the needle. In [118], a custom needle with a metallic septum between the two fibers for acoustic isolation was used.



The combined “PA + LU + SoS” setup, by Wurzinder et al. [57], employed optical detection of ultrasonic waves. This work expanded on the authors’ earlier setup [81,103] that combined PA and pulse-echo LU imaging. The same laser pulse was used for illuminating the object in PA mode, the PEs in SoS mode, and the PA generator in LU mode. The same laser beam was used for ultrasound detection, making the setup all-optical. The PA signals from the object, LU probe pulse, LU echo signals, and LU transmission signals all arrived at different times, allowing their separation. This non-overlapping condition limited the maximum diameter of the sample object. Focusing into the 2D plane was achieved by a concave cylindrical acoustic mirror coated with 100 nm thick Cr-layer, used as a PA generator for pulse-echo LU imaging. The spatial resolution of the optical detector is limited by the beam waist (~35 μm). The overlaid “PA + LU” images of transparent zebrafish embedded in gelatin and “PA + LU + SoS” images of phantoms were presented.



Fehm et al. [58] reported a hand-held combined real-time 3D “PA + LU” imaging system. The authors earlier [43] presented a custom-made sensor array (256 3 × 3 mm piezocomposite elements) with a shape of a spherical cap covering an angle of 90°. The curvature radius was 40 mm. On the axis of the array, the fiber bundle for illumination was embedded. On the same axis a carbon microsphere (PE) ~400 μm in diameter was placed embedded in agar ~1.5 cm from the focal point. Thus, the illumination was not blocked completely, and both the object and the microsphere were illuminated simultaneously. Back-projection algorithm, implemented on a GPU, was used for real-time PA and LU image reconstruction (10 volumetric frames per second). It was noted that the emitted spectrum was significantly broader than the detection bandwidth of the piezocomposite transducers, and a band-pass filter from 2 MHz to 4 MHz was applied. Authors presented the “PA + LU” images of phantoms and a human finger. The achieved spatial resolution in LU mode was ~500 μm, due to the size of the PE, and a smaller PE could not be used due to image contrast deterioration. Later, in [119], the authors presented a hemispherical array with 510 broadband piezocomposite elements, 1 mm in diameter and with a curvature radius of 15 mm. The system was capable of 100 volumetric PA images per second. LU imaging mode was not implemented.



Completely non-contact “PA + LU” imaging setups [59,60,61] should also be mentioned. The LU probe pulse can be generated in the subsurface layer of the biological tissue [59]. Alternatively, a dedicated absorbing film or tape can be applied to the surface of the tissue [60,61].





4. Laser-Ultrasonic Imaging of Solid Bodies


In recent years, imaging of solids has drawn much research attention [55,120]. While non-destructive testing and evaluation of objects with complex shapes have numerous practical applications, they pose a significant challenge. For a wide range of industrial control applications, the problem of surface profile measurements is very important [121,122]. X-ray-computed tomography, used often to solve this task, requires access to the object from all sides, and has low spatial resolution for visualization of small internal cracks. These features limit the applicability of X-ray tomography, and can be partially overcome by ultrasonic methods [52] that have improved rapidly these last years.



4.1. LU Profilometry of Solids


The LU modality of the combined PA and LU imaging system developed by Simonova et al. [45] was applied to the profile measurement of solid objects [52]. There are several common types of profilometers, such as contact stylus profilers, or non-contact optical profilers. However, such systems are not applicable for inspection of immersed or contaminated objects. For measurement of such objects (e.g., pipes, oil tanks, objects in cooling liquids, underwater works), the developed setup for LU profilometry provides high acoustic resolution in real time: in the longitudinal direction (along the probe pulse beam) up to 20–40   μ m  ; and in transverse, up to 150–250   μ m   (along the direction perpendicular to the probe beam).



2D LU images of solid samples are obtained using the back-projection algorithm (Equation (13)) described above. In Figure 6, the negative part of the images is truncated, while white boundaries denote reflections from the sample profile. Images are reconstructed under the assumption of uniform speed of sound in the whole domain of measurements. Hence, only the positions of water–solid interfaces are correctly displayed, and all the positions of the scatterers inside the object (the internal structure) are distorted.



Let the immersion liquid (water) have speed of sound    c 0    and density    ρ 0   , and let the sample have speed of sound    c 1    and density    ρ 1   . As the acoustic impedance of water    Z 0  =  ρ 0   c 0    is significantly lower than that of material of the sample (duralumin)    Z 1  =  ρ 1   c 1   , the reflection coefficient of the acoustic waves is positive, and takes the greatest value on the water–solid interface. Hence, the position of sample profile on the tomogram is defined by the first local maximum of the obtained tomograms. A set of such local maxima forms the LU image of the surface profile (Figure 7a). A Hough transform and linear least squares method are applied to the set of profile points, to find linear regions. This procedure enables calculation of the deviation of the measured sample profile from the model. Comparison of images, obtained by LU measurements and X-ray imaging has shown good agreement of the results. The discrepancy of the results was within 20–30   μ m   in the longitudinal direction, and 150–250   μ m   in the transverse direction. The properties of such resolution are connected to the fundamental properties of all ultrasonic measurements: in the direction along the acoustic beam path, the resolution is significantly higher than in the perpendicular direction.



Reconstruction of the 3D surface profiles (Figure 7b,f) was performed using step-by-step 2D imaging with sample rotation and subsequent composition of the profile lines into the surface. Figure 7e shows 3D image of the same object as in Figure 7c, but with a damaged surface. The diameters of parts, measured by X-ray tomography and LU measurements, showed agreement within 100–150   μ m  . This discrepancy is caused mainly by misalignment of the rotational axis and the object’s axis of symmetry.




4.2. LU Measurements of Geometry of Solids with Complex Surface


The ability to segment the profile in LU images allows for the internal part of samples with complex surface to be imaged correctly [54]. In this way, such limitations of X-ray tomography for solids, as low sensitivity and requirement of access to inspected object from all sides, can be overcome for a set of applications.



The refraction of ultrasonic waves that occurs at the water–solid interface can be taken into account by a two-step algorithm based on a heuristic ray tracing technique demonstrated in [54], for solids with piecewise-linear surface profiles. First, the profile is obtained in the form of the equations of linear segments analogous to the LU profilometry (Section 4.1). Second, a part of image corresponding to the internal part of the sample is recalculated, accounting for the changes in the time-of-flight and amplitude, introduced by refraction on the solid–water interface.



The propagation of acoustic waves in the approximation of geometrical acoustics is shown in Figure 8. The total path of the acoustic ray can be divided into forward and backward paths. Then, the total travel time is





   T  i j m   =  T  i j   f o r w   +  T  i j m   b a c k   ,  



(14)




where    T  i j   f o r w   ,    T  i j m   b a c k     are the travel times on forward (from PA generator to    (  i , j  )    pixel of image) and backward (from    (  i , j  )    pixel of image to  m -th detector) paths, correspondingly. The positions of ray entry    (   x e  ,  z e   )    and exit    (   x o  ,  z o   )    from sample should be calculated to determine these times, under the assumption of homogeneous speed of sound in both media. The coordinates of the entry point are calculated from the Snell’s law, and the equations of line profiles know from the LU profilometry. In the first Born approximation, the inhomogeneity, located in the point    (   x i  ,  z j   )   , scatters waves in all directions, and the coordinates of the exit point    (   x o  ,  z o   )    are calculated following the Fermat’s principle of least time for    T  i j m   b a c k    , which is achieved at the profile lines:


   {       T  i j m   b a c k    (   x o  ,  z o   )  =  1   c 0         (   z o  −  z m   )   2  +    (   x o  −  x m   )   2    +  1   c 1         (   z o  −  z i   )   2  +    (   x o  −  x j   )   2    → min ,        z o  =  k s   x o  +  b s  ,        



(15)




where    k s    and    b s    are the coefficients of the  s -th line of surface profile. The gradient descent method can be applied to solve this minimization problem.



The expression for the recalculated part of the image corresponding to the internal part of the object can be obtained from Equation (13), with modified times-of-flight and amplitudes:


   ϵ ′   (   r  i j    )  =   ∑   m = 1  N  p  (   r m  ,  T  i j m    )  ⋅ D  (   r m  ,  r  i j    )  ⋅  W  i j k   o l    W  i j m   e l   ,  



(16)




where    W  i j k   o l   ,  W  i j m   e l     are the coefficients used to account for the partial transmission and mode-conversion (longitudinal waves in water into transverse waves in the solid sample) on the forward and backward paths, correspondingly. They are evaluated standard formulas from [123].



The sample (Figure 9a) is a PMMA cylinder with complex internal and external generatrices. In the image obtained after the first step of the algorithm (Figure 9b), the internal part of the sample appears “squeezed” vertically. The corrected image (Figure 9c) shows the real sample dimensions. The comparison of the results of measurement by LUI and standard gauge measurements showed agreement of the results within   100   μ m   in the longitudinal (along z-axis) direction in PMMA, and   200 − 300   μ m   in the transverse direction (along x-axis).





5. Conclusions


The research in the fields of PAI and non-contact LUI is highly active. The interest in PAI is primarily biomedical (cancer diagnostics, small animal imaging etc.) while the interest in non-contact LUI is primarily industrial (early-stage inspection, additive technologies, inspection in harsh environments etc.). The promising results of these techniques draw considerable attention from the scientific and industrial community. However, today, there is a lack of review papers about the contact LU method. Thus, the purpose of this review is to put a spotlight on the contact LUI and its combinations with PAI, and discuss the algorithms, experimental setups, applications, etc.



The research in the Laser Optoacoustic Laboratories of ILIT, NUST MISiS, and ILC MSU is primarily concerned with tomographic diagnostics of objects that are of interest for biomedicine and industry. Nowadays, tomographic imaging is a hot topic, since it can provide detailed information about the internal structure, reliability, and safety. One of the important advantages of PAI and LUI is mobility, high speed of operation (up to real time), and moderate cost in comparison with other well-established imaging modalities (like MRI, X-ray CT, neutron imaging etc.). Besides, PAI and LUI are usually safer for humans, since the necessary power of laser radiation can comply with safety standards in PAI, or can be confined inside the setup in contact LUI. Perhaps, PAI and LUI cannot replace the well-established and highly developed techniques completely, however, they can provide valuable complementary information about the object and can be integrated in the existing systems.



In this paper, we observe methods and algorithms of PAI and LUI imaging first, then we discuss the combined PAI and LUI systems and their biomedical applications in more detail and, finally, we focus on the immersion LU profilometry and tomography as an example of a possible industrial application of LUI.
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Symbology


  r =  (  x , y , z  )    and   k =  (   k x  ,  k y  ,  k z   )   —the radius vector of the point in space and the wave-vector with their components.



 t —the time.



 f  and  ω —the temporal and angular frequency.



 p ,   p  (  r , t  )   —the acoustic pressure field.



   p 0   ,    p 0   ( r )   —the initial pressure distribution.



 c —the speed of sound in an infinite homogeneous medium, or a homogeneous background speed of sound in an inhomogeneous medium.



  c ˜  ,    c ˜   ( r )   —the speed of sound in an inhomogeneous medium.



 κ ,  ρ ,  T —the compressibility, density and temperature of an infinite homogeneous medium, or the corresponding homogeneous background values for an inhomogeneous medium.



  κ ˜  ,    κ ˜   ( r )    and   ρ ˜  ,    ρ ˜   ( r )   —the compressibility and density of an inhomogeneous medium.



   γ κ   ,    γ κ   ( r )    and    γ ρ   ,    γ ρ   ( r )   —the relative deviations of compressibility and density.



  δ  ( t )   —the Dirac delta function.



 Γ ,   Γ  ( r )   —the Gruneisen parameter.



 H ,   H  ( r )   —the absorbed light energy density.



 β —the volume thermal expansion coefficient.



   c p   —the specific heat capacity at constant pressure.



   r m  =  (   x m  ,  z m   )   —the radius vector of the  m -th sensor.



   r i    and    r  i j   =  (   x i  ,  z j   )   —the radius vector of the point of the image.



 N —the number of sensors.



   t 0   —such large time instant that the acoustic pressure in the medium has decayed to zero.



 V —the volume of the investigated object.



   p  t r    ,    p  t r    (  r , t  )   —the time-reversed pressure field.



   p 0 r   ,    p 0 r   ( r )   —the reconstructed initial pressure distribution.



   P 0   ( k )    and    P 0 r   ( k )   —the spatial spectrum of the actual (   p 0   ( r )   ) and reconstructed (   p 0 r   ( r )   ) initial pressure distributions.



  A  (   k x  ,  k y  , t  )   —the spatial spectrum of the pressure field at   z = 0  .



   c 0   ,    ρ 0   ,    Z 0    and    c 1   ,    ρ 1   ,    Z 1   —the speed of sound, density and acoustic impedance of the immersion liquid and the sample.



   S 0    and   d  S 0   —the detection surface and its element.



  d  Ω 0   —the solid angle of the element of the detection surface.



   Ω 0   —the solid angle of the whole detection surface.



 p  and    P 0   —the vector representations of the recorded pressure signals and the initial pressure distribution.



 A —the model (system) matrix.



 R –the regularization term.



 T —the travel time of the acoustic pulse.



   T  i j m    ,    T  i j   f o r w     and    T  i j m   b a c k    —the total, forward and backward travel times of the LU pulse from the PA generator to the image point    r  i j     and to the sensor at point    r m   .



 ϵ ,   ϵ  (   r  i j    )    and    ϵ ′   (   r  i j    )   —the effective strength of an acoustic scatterer.



  D  (   r m  ,  r  i j    )   —the directivity factor used for streak artifact reduction in LU imaging.



  P S F  (  r |  r 0   )   —the value of the point spread function at point  r  when the point-like PA source is located at    r 0   .



 R  and  F —the radii of curvature of the sensor array in the image plane and perpendicular to it.



 D —the full width at half-maximum of the sensitivity map along  z -axis.



  L a t  —the lateral resolution.



   D F   ,   L a  t F    and    D ∞   ,   L a  t ∞   —the values of  D  and   L a t   for the special cases of   R = F   and   R → ∞  .



 h ,   h  ( t )   —the sensor’s temporal response.



   f  s e n s     and   δ t  —the bandwidth of the sensors and the characteristic duration of the acoustic response.



 n ,  ν ,  u ,  m —unit vectors used to point out the direction.



   (   x e  ,  z e   )    and    (   x o  ,  z o   )   —the point on the boundary of the sample where the acoustic ray enters and leaves the sample.



   W  i j k   o l     and    W  i j m   e l    —the coefficients used to account for the partial transmission and mode-conversion of acoustic waves.
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Figure 1. Specific temporal shape (a) and spectrum (b) of laser-induced photoacoustic (PA) pulse. Reproduced with permission from [41], Springer Nature, 2009. 






Figure 1. Specific temporal shape (a) and spectrum (b) of laser-induced photoacoustic (PA) pulse. Reproduced with permission from [41], Springer Nature, 2009.



[image: Applsci 08 01931 g001]







[image: Applsci 08 01931 g002 550] 





Figure 2. Sensitivity and spatial resolution maps 32 × 32 mm for a cylindrical (top row) and spherical (bottom row) arrays with 64 elements, 0.5 mm wide with 0.5 mm pitch and a curvature radius of 40 mm [83]. The sensor array is located below the maps symmetrically, with respect to the z = 0 mm line. The cylindrical sensor array is located at x = −40 mm, and the center of curvature of the spherical array is x = 0 mm, z = 0 mm. Adapted with permission from [83], Springer Nature, 2018. 
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Figure 3. Limited view issue in PA and laser ultrasonic (LU) imaging. 






Figure 3. Limited view issue in PA and laser ultrasonic (LU) imaging.



[image: Applsci 08 01931 g003]







[image: Applsci 08 01931 g004 550] 





Figure 4. Combined schematic of the passive element (PE)-enriched “PA + speed-of-sound (SoS) + LU” imaging. 
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Figure 5. (Left) Schematic of the 2D combined imaging setup by Simonova et al. in the needle imaging scenario. (Right) Combined “PA + LU” image of a needle (0.7 mm in diameter) inside a blood vessel model (2.4 mm in diameter): red—PA image, cyan—LU image. Adapted with permission from [45], CC BY, 2017. 
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Figure 6. LU images   ϵ  ( r )    of the duralumin samples reconstructed using filtered back-projection algorithm: (a) a cylinder 14 mm in diameter, (b) a cylinder 14 mm in diameter with irregular grooves 1 mm in depth, and (c) a cylinder 14 mm in diameter with regular grooves 2 mm in depth. Reproduced with permission from [52], OSA Publishing, 2018. 
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Figure 7. (a,b) Line of tomogram maxima and 3D image of a cylindrical sample. (c,d) Images of the cylinder with irregular grooves. (e,f) Images of the cylinder with irregular grooves and slots. (c,e) Reconstructed 3D images of cylinder surface. (d,f) 2D projections of the corresponding 3D maps. Bright color denotes more distant parts from the center of the sample, and dark color denotes closer parts to the center. The blue lines are auxiliary, denoting the boundaries of the relief. Adapted with permission from [52], OSA Publishing, 2018. 
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Figure 8. Propagation of waves through liquid–solid interface. Forward path on the right, backward path on the left. 
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Figure 9. The cross-sectioned 3D model of the sample object: poly (methyl methacrylate) (PMMA) solid of revolution with complex external and internal generatrices fixed on a steel rod and submerged in water (center). The reconstructed LU image of the sample object after the first stage of the algorithm without refraction correction (left). The final refraction-corrected image (right). Black and white stripes show the position of the boundaries that reflect the ultrasonic probe pulse and the sign of the acoustic reflection coefficient (black—negative and white—positive). Adapted with permission from [54], OSA Publishing, 2018. 
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