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Fuelled by innovation, optical microscopy plays a critical role in the life sciences and medicine, from basic discovery to clinical diagnostics. However, optical microscopy is limited by typical penetration depths of a few hundred micrometres for in vivo interrogations in the visible spectrum. Optoacoustic microscopy complements optical microscopy by imaging the absorption of light, but it is similarly limited by penetration depth. In this Review, we summarize progress in the development and applicability of optoacoustic mesoscopy (OPAM); that is, optoacoustic imaging with acoustic resolution and wide-bandwidth ultrasound detection. OPAM extends the capabilities of optical imaging beyond the depths accessible to optical and optoacoustic microscopy, and thus enables new applications. We explain the operational principles of OPAM, its placement as a bridge between optoacoustic microscopy and optoacoustic macroscopy, and its performance in the label-free visualization of tissue pathophysiology, such as inflammation, oxygenation, vascularization and angiogenesis. We also review emerging applications of OPAM in clinical and biological imaging.
Fueled by multiple and ever emerging innovations, optical (photonic) microscopy plays a critical role in all aspects of the life sciences, from basic discovery to clinical diagnostics. Nevertheless, optical microscopy is limited by the penetration depth achieved, typically not exceeding a few hundred micrometers for in vivo interrogations in the visible spectrum. Optoacoustic (photoacoustic) microscopy may complement aspects of optical microscopy, by providing imaging of optical absorption, but it is similarly limited by penetration depth. We review herein progress in optoacoustic mesoscopy (OPAM), i.e. acoustic-resolution optoacoustic imaging with wide-bandwidth ultrasound detection. OPAM extends optical imaging abilities beyond the depths accessible by optical or optoacoustic microscopy enabling applications that are not otherwise possible in the optical regime. We explain the basic principles of OPAM operation, illuminate its placement as a bridge from microscopy to macroscopy and showcase the performance achieved in visualizing a range of pathophysiological parameters in tissue, including inflammation, oxygenation and vascularization / angiogenesis in a label-free mode. Finally, we review emerging applications in clinical and biological imaging. 
TThe penetration depth resolution and fidelity obtained with optical microscopy of tissues achieved by optical imaging of tissue depends primarily on the amount of photon scatter experienced by photons propagating in the medium imaged. Due to Iphoton scatter, intravital fluorescence microscopy (e.g. for example, confocal microscopy and, multi-photon microscopy) cannot typically image beyond a few hundred micrometres in the visible spectral region, or beyond ~ 1-–1.5 mm 1,2 in the infrared spectral region1-4. Optical coherence tomography5-7 (OCT), ; developed for imaging tissue morphology), or wave-front shaping, beam beam-profile shaping or and phase control of the photon-plane wavefront8,9-11 are also being considered for improving the penetration depth of optical microscopy within the 1-–2 mm range. To visualize deeper in tissues, optical optical-clearing methods — which are considered for chemically processing a sample and to make it transparent12-14 , — can be used, but at the expense of because these methods are tissue toxicity to tissue making this technology is available only appropriate for post-mortem applications. Alternatively, optical mesoscopy15-18 or and optical macroscopy16,19,20 of intact tissues allows for in vivo imaging through several millimetres (to and even centimetres) of tissue, yet  in-vivo but at a rapidly decreasing resolution, loss due to owing to photon scatter. 
First considered in the 1970’s (refs.21,22), optoacoustic (or photoacoustic) imaging is a class of optical (photonic) imaging methods that is insensitive to photon scatter23-25. The technique offers a radically different approach to high-resolution optical imaging deep inside tissues by resolving the optical absorption of light based on the basis of the detection of ultrasound waves and rather than not photons. The ultrasound waves are generated within the sample in response to the thermoelastic expansion of tissue moieties that absorbed light of transient energy. Excitation light is delivered with in wide-field illumination patterns and yields volumetric tissue excitation. Typically, the origins of the sound waves are reconstructed by using mathematical inversion, yielding an image of the distribution of light absorbers in the sample. Since Because image formation is governed by ultrasound diffraction, the technique is generally termed acoustic acoustic-resolution (AR) optoacoustic imaging and achieves high-resolution optical imaging at much greater depths than optical microscopy, since it is insensitive to photon scatter. . Optoacoustic imaging can also be implemented by using focused light for ultrasound excitation, in analogy to illumination practices employed in intravital optical microscopy23,26,27. Termed optical-resolution (OR) optoacoustic (or photoacoustic) microscopy27,28, the method nevertheless obeys in this case the laws of optical diffraction and operates within the specifications that are common to optical microscopy. Since a major drive in the development of optoacoustics has been the ability to offer high-resolution imaging deeper than the limits imposed by optical diffraction, AR methods have received significant attention as the modality that can fundamentally impart a new optical-imaging capability.
Optoacoustic imaging (microscopy) can be also implemented using focused light for ultrasound excitation, in analogy to illumination practices employed in intravital optical microscopy23,26,27. Termed optical resolution (OR) optoacoustic / photoacoustic microscopy27,28, optoacoustic imaging with focused light excitation obeys the laws of optical diffraction and operates within the specifications common to optical microscopy. Conversely, a major drive in the development of AR optoacoustics has been the ability to offer high-resolution imaging deeper than the limits imposed by optical diffraction. For this reason AR optoacoustic imaging has received particular attention as it brings fundamentally new optical imaging ability over conventional optical imaging methods.
AR optoacoustic imaging can be classified in analogy to the macroscopy, mesoscopy and microscopy domains defined in for optical imaging19,23,29-32. Following the paradigm of optical mesoscopy15,16,33, Ooptoacoustic mesoscopy (OPAM) in particular has been described as a bridge between optoacoustic macroscopy and optoacoustic microscopy29, following the paradigm of optical mesoscopy15,16,33. While Although there exist arenon’t hard boundaries between these imaging domains, there are characteristic technological and operational features which that set the domains apart. Optoacoustic macroscopy generally aims at visualization within depths of several centimetres in tissues, e.gfor example. enabling the non-invasive imaging of breast cancer34-36, intestinal inflammation37  orand  brown brown-fat metabolism in humans38. Macroscopic implementations operate with laser pulses at tens of millijoules, and use ultrasound arrays operating at single-digit frequencies in the MHz scale, achieving resolutions in the hundreds of micron micrometres (TABLE Table I1). At these frequencies, whole whole-body animal imaging is also also possible23,39,40. Conversely, mOn the other hand, mesoscopy uses involves higher ultrasound frequencies, achieves  and aims at dermatology, endoscopy or biological imaging applications at penetration depths of a few millimetres and resolutions in the several tens of micronsmetres; performance that is  suitable for dermatology, endoscopy and biological-imaging applications. Single -element detectors are employed preferred for high-quality image performance in optoacoustic mesoscopyOPAM, but mesoscopes are also implemented with high-frequency ultrasound (HFUS) arrays in the few tens of MHz. FinallyFinally, microscopy generally aims toward at visualizing at resolutions at of roughly the scale of cells or better, requiring either optical focusing or ultrasound frequencies at in the the several upper tens to hundreds of MHz, also , typically achieved with single single-element detectors29,31,41. 
HereinIn this Review, we explain the principle of operation of OPAM, and review summarize recent progress in technical developments and applications in optoacoustic mesoscopy. We illuminate posit that bandwidth as is a key driving force of the imaging performance achieved, and summarize discuss advances with in ultrawide-bandwidth (UWB) detection, which for offersing detailed optical absorption images in the mesoscopic regime. Applied at a single wavelength or at multiple wavelengths, OPAM can offers unique label-free imaging of tissue pathophysiology, which can be further complemented by the use of contrast enhancing agents or contrast-enhanced imaging using appropriate agents. These capabilities bring new solutions and promising clinical applications to address unmet biological and medical visualization imaging needs, in particular within biomedical areas dermatology, endoscopy and intravascular imaging, i.e. imaging areas that require large fields of view and high-resolution imaging through several millimetres of tissue. Moreover they advance observations  and large fields of view, such as in dermatology, endoscopy, intravascular imaging or in biomedical research utilizing employing animal models. We showcase and discuss the OPAM implications in biomedical research and outline promising clinical applications.
Technology advances in OPAM
Optoacoustic pressure signals (Pa) are generated inside tissues by when chromophores or agents that absorb light of varying intensity. Through thermoelastic expansion, the absorbed optical energy is converted to pressure waves at ultrasonic frequencies. When short light pulses (in the in the <100 nanosecond range range) are employed, heat and stress remain approximately confined within the absorbing tissue. In this case, the propagation of the optoacoustic wave  is governed by the wave equation42,43:	Comment by juan.aguirre: “by” implies that the chromophores generate the OA wave. However, chromophores absorb the light and then heat up the tissue and then comes the thermoelastic expansion of the tissue section that contains the absorbers. It is a problem of continuum media mechanics (heats generates pressure and vice-versa), not a quantum physics problem about molecules generating sound waves. 
 , (1)
where  (m/s) is the speed of sound in the medium,  (dimensionless) is the dimensionless  Grueneisen parameter, and  (W/m3) is the deposited (absorbed) optical energy per unit volume and unit time, (W/m2) is the optical fluence rate, (1/m) is the spatially dependent absorption coefficient, and (dimensionless) is the dimensionless heat conversion efficiency42-44. For simplicity, herein we assume that , and that  is constant throughout tissue. If heat-confinement and stress stress-confinement conditions are fulfilled40,45, then the heating function can be expressed as: , whereby  (J/m3) is the absorbed optical energy per unit volume and (J/m2) is the optical fluence45. Then, eEquation. ((1))  can be solved to express the pressure wave  reaching a position  in space as42,43,46:
,. (2)
where  (Pa) is the spatial distribution of the initial optoacoustic pressure, i.e.that is, .  is a spherical surface centeredcentred at  with radius (ref. 46). According to Eeq.quation (2), a detector placed at position  will sense a propagating optoacoustic wave  at time , which was generated at any point on the spherical surface  at  due to the illumination of the medium with a light pulse. For optoacoustic mesoscopyOPAM purposes, the pressure signal  (Eq.equation (2)) is measured at multiple positions , on or close to the boundary of the object being imaged. Image reconstruction then implies the use of Eqequation .(2) to compute the distribution of  from  measurements (i.e. inversion) obtained at these multiple positions (further mathematical details of this inversion process are provided in for details see Supplementary. section 1). 	Comment by Pep Pàmies: OK?	Comment by Murad Omar: Yes
Geometrical configurations.  Two major geometrical configurations are typically considered for mesoscopic optoacoustic imaging. The first OPAM configuration is geared toward epi-illimumination measurements of tissue, and detects ultrasound signals at locations along a line or a two-dimensional grid. Typically, a single detector is scanned to capture optoacoustic signals at points onalong the line or grid (Fig. 1a-–d), giving rise to raster-scan optoacoustic mesoscopyOPAM (RSOM)47-51. RSOM employs broad broad-beam illumination (Fig. 1a), and offers its image formation and resolution are governed by ultrasonic diffraction and detector specifications. Image formation typically requires mathematical inversion (Fig. 1e,f)48,52-54. Multi-element arrays can also be employed as alternatives to single- element detectors55-58. However, For reasons explained in the next section, optoacoustic mesoscopyOPAM based on single detectors generally offers superior imaging performance compared to multi-element arrays, since higher quality detection characteristics can be achieved with single detectors. 
 For reasons of comparison, we note that both OPAM and AR optoacoustic microscopy also relyies on raster- scan schemes and broad illumination, but yet is the latter is geared towards resolving finer structures. However, and to reach microscopic resolutions, AR optoacoustic microscopy requires higher central frequencies than OPAM to reach microscopy resolutions (TABLE Table I1). Yet However,because the attenuation of sound by tissue increases with frequency. Therefore, the use of higher frequencies limits the penetration depth of AR optoacoustic microscopy (over with respect to OPAM)30,31,59. Conversely, Ooptical or OR optoacoustic microscopy instead raster scanss focused light beams (Fig. 1g,h), and achieves the resolutions that they achieve that depends on the optical focus achieved60-63. Moreover, although image deconvolution or the mathematical processing of images may be used to improve image fidelity or resolution64-66, the formation of OR microscopy images formation does not necessarily require mathematical inversion1,59,67. 
The second OPAM configuration detects optoacoustic signals over a curved (e.gtypically,. cylindrical or spherical) surface (Fig. 1i). Reported Iimplementations involve have been reported that rotate single-element transducers68 or multi-element ultrasound- transducer arrays rotated around the sample69. Performing OPAM with Ddetection over curved surfaces that enclose the sample achieves leads to better resolution isotropy and image quality than RSOM, since because optoacoustic signal collection over curved surfaces that surround the object of interest captures a larger part of the ultrasound wave-front propagating away from the imaged object can be captured. Therefore, data sets collected over curved surfaces typically contain more information than raster- scans, and lead to images of enhanced content and quality. Conversely, raster raster-scan approaches are better suited for a range of clinical applications that only allow one-sided scans, for example when using handheld scanners. 
Besides the geometrical configuration, Tthe imaging specifications performance of optoacoustic mesoscopyOPAM also depends on detector specifications and illumination energy that  and generally differ from the settings used in macroscopy or microscopy , as summarized in (Table 1 and Fig. 1j,k), as summarized below. We note that the boundaries between the three domains blend to each other, however each domain defines a different performance and component specification area, as summarized in the following. 
Optoacoustic detection. Detector specifications play a critical role on the image quality achieved in of optoacoustic mesoscopyOPAM. An ultrasound detector is characterized by the detector’s geometry ical characteristics, including the active area employed for sound detection (detection cross-section), the ability to focus sound waves, the central frequency of operation, the detection bandwidth, and the sensing principle of operation. Moreover, the selection of single-element or multiple-element detector arrays s affects the detection plays a role in image formationspecifications. The most common detector technology employed is piezoelectric sound detection, which is also used in ultrasound imaging70,71, but . Nevertheless, optical sensing of techniques for sound is increasingly detection have been also considered for optoacoustic mesoscopy yielding high-quality image performance 53,72,73.
Bandwidth, depth and resolution. The bandwidth of the ultrasound wave captured is centrally implicated in tThe image resolution and imaging depth achievedcrucially depend on the bandwidth of the ultrasound wave that is captured47. GenerallyIn general, higher ultrasound frequencies lead to better image resolution, albeit at more superficial depths, owing due to the depth-dependent attenuation of high frequency ultrasound high-frequency ultrasound in tissue70,74,75 (see Supplementary. Fig. S1 and Supplementary  and Suppl. Ssections 2 and 5) (see also Suppl. Section 2 and Section 5). Therefore, frequency selection , a characteristic that allowsenables the  a gradual transition from microscopy to mesoscopy and and macroscopy domains (Fig. 1k). The bandwidth of the generated pressure- wave, see eEq.uation (2), depends on the duration of the illuminating pulse and on the geometrical properties of the absorbers in the medium imaged, with narrower pulses exciting broader signals (Fig. 2a). The typical bandwidths that are generated in tissues illuminated by using ultrafast (<2 ns) pulses reach up to a range of up to 250–-300 MHz, which correspond ing to resolutions below microscopic sub ‑10 μmicronms resolutions. 
Mesoscopy generally operates in the few tens of MHz range, allowing imaging at depths of several millimeteres (TABLE TablIe 1). This frequency band can be captured by common piezoelectric detectors (Fig. 2b), leading to resolutions in the range of 30–-100 micron-μm ranges. Nevertheless, such detectors do not generally capture the entire bandwidth of the optoacoustic waves generated in tissues by laser pulses of a few nanoseconds. LiNBO3-based single-element detectors have enabled imaging at bandwidths larger than 1>150 MHz (refs.  of bandwidth32,47,48,54), demonstrating performance gains over  narrower bandwidth selection48 (Fig. 2c). This ultra-wide bandwidth (ultra-wide bandwidth (UWB)) performance leads to mesoscopic systems that can reach several millimetres in depth, but yet also retains microscopic resolution at more superficial depths. For example, iIn phantom measurements, RSOM at bandwidths of >larger than 100 MHz,  RSOM uusing <2 nanosecond ns excitation excitation-pulse widths, exhibited an axial resolution of less than 107 µm at depths of 2–.3 mm (refs. 47,48). However, UWB acquisition comes with new requirements for data processing and image reconstruction. It has been recently shown that In particular, the separation of low and high frequencies improves the reconstruction quality and the representation of the high high-frequency components in the UWB‑RSOM image32,48 (see Fig. 2d and Supplementary. Section 4). 
Alternatively, Fabry‑Pérot interferometric detectors, also implemented in RSOM geometries, have demonstrated led to large-field of view mesoscopic performance with at large fields of view at central frequencies and at bandwidths of ~40 MHz (ref. 50), achieving 55–‑65 µm in resolutions and ~10 mm in depth49,50,76. Recently, fibre Bragg gratings (FBGs) have achieved detection bandwidths of ~100 MHz (ref. 77) while maintaining high sensitivity, similarly to  those of piezoelectric transducers with larger detection areas78. This FBG technology is therefore also interesting relevant for mesoscopic applications. In particular, the small form factors of FBG-based detectors may allow their integration into intravascular or endoscopic optoacoustic systems. 
Mesoscopy has also been achievedcan also be carried out with multi-element ultrasound arrays79. However, it is challenging to manufacture ultrasound element arrays of high sensitivity with central frequencies and bandwidths beyond 20–-30 MHz56,80. Capacitive micromachined ultrasound transducers (CMUT) may offer an alternative capable of providing up to double the bandwidth of piezoelectric detector arrays81. Nevertheless, current manufacturing challenges toin achieveing UWB performance, such as dicing of small ultrasound elements or proper amplification of weak and high frequency signals collected from small ultrasound elements, may limit the use of arrays in high-resolution mesoscopic implementations (e.g. Fig. 43a, vs. Fig. 4k). 	Comment by Pep Pàmies: Such as?	Comment by Murad Omar: DONE
Detection cross-section, sensitivity and resolution. The detection cross-section ― , i.e.that is, the active area of detection area of ultrasound waves ― , is another critical parameter associated with also affects the quality of optoacoustic images. Generally, the smaller the cross‑sectional area the better the lateralspatial resolution achieved; however, a physically smaller detection cross‑section also leads to lower detection sensitivity75,82. A preferred solution that addresses this trade-off is the concept ofwhat is known as ‘a virtual detector’ (Fig. 1c), a concept that is based on spherically focused detectors. In this case,, the cross-sectional area at the of the focal point of the detector is assumed as to be the active active-detection cross-section. Assuming transducers of piezoelectric technology, this implementation offers virtual detectors of very small effective collection area but much higher sensitivity compared to using the use of an ultrasound element, with actual dimensions equal to the focus area of the focused element (e.g 20 µm radius) (e.g. 20 microns radius)41,47. Conversely, spherical focusing is not generally applicable to the detection elements of ultrasound arrays. Therefore, many high quality mesoscopy systems are still implemented with scanning a single detector. Conversely, the the use of arrays in mesoscopic applications may limit imaging performance due to limitations not only in the  not only be limited by the detection frequency and bandwidth but also the minimum active detection area that can be achieved  but also by the cross-section area ofby the elements in thate array (e.g. Fig. 34a vs. Fig. 4,k). 
An alternative to the virtual detector principle is the The use of optical interferometry 50,72,78,83,84 or or optical optical-beam deflection 85,86 can serve as an alternative to the virtual-detector principle. for sound detection. Since optical resonators and optical beams can have cross-sections of extremely small physical dimensions, optical detection can provide sound detectors with active areas ion in the micron micrometre range (or bettersmaller),; offering an advantage over focused piezoelectric elements. 
Generally, the bandwidth plays a critical role ion defining the axial OPAM resolution, while whereas the cross‑section size affects primarily the lateral resolution, especially in RSOM geometries (see Supplementary. Section 2). In curved geometries, both parameters play a central role in defining the (isotropic) resolution of the OPAM system (see Supplementary. Section 3). In all cases, the bandwidth, cross-section and overall detector characteristics must be matched to the depth and resolution specifications of the desired application, i.e. the depth and resolution specifications. 
Acceptance angle. Another critical feature of optoacoustic detection is tThe acceptance angle of the detector employed also plays a critical role in image formation. In analogy to optical lenses of with a high numerical aperture, optoacoustic optoacoustic-signal collection over a broader acceptance angle improves the resolution and the overall image quality  achieved (Fig. 32ae). For example, during RSOM imaging of a KPL4 breast tumour xenograft in a mouse, acceptance angles of 15 degrees only allow for visualization of vessels parallel to the detector (Fig. 32bf). However, increasing the acceptance angle reveals vessels tilted at larger angles with respect to the detector, offering a more accurate representation of the sample imaged (Fig. 32bf). Geometries using that use curved curved-detection arrangements (Fig. 1i) dynamically adapt the acceptance angle (synthetic aperture) by rotating and translating the detector around the sample55,87, effectively improving image quality over with respect to systems that only allow for translational offer translationdisplacements  of the detector employed. 	Comment by Pep Pàmies: Note that Fig. 2e is not mentioned in the main text (and should be).	Comment by Murad Omar: resolved
Tomographic image formation. Similarly to optical macroscopy, image reconstruction based on the basis of forward modelling and mathematical inversion of optoacoustic recordings collected over multiple angles (projections) is a necessary step in mesoscopic image formationy, since because the signals collected are generated within a large, diffusively illuminated volume over time and cannot otherwise form a high-resolution image40,88-93. The forward and inversion methods employed can also affect employed can play a key role in the iimage quality achieved. Three Key key aspects of tomographic image reconstruction (are described in Supplementary. Section 1) and enable three key imaging features that are not generally found in optical or OR optoacoustic microscopy:, i.e.  
Ffirst, by using mathematical inversion, a two-dimensional scan suffices to for the acquisition ofre the information needed for a three-dimensional reconstruction; . 
Ssecond, reconstruction approaches allow utilization enable the use of data collected from entire volumes, which leads to higher signal to noise ratios (SNRs) compared in comparison to methods that seek to optimize resolution by rejecting signals outside a narrow focal point or line (. Tthe use of virtual detectors ( (Fig. 1c) and detection elements with large-acceptance angles and apertures detection elements is particularly beneficial for achieving a high SNR (see also the section on acceptance angle above)82);.  and 
Tthird, reconstruction approaches can account for the parameters of the experimental set-up, such as the exact angular coverage or the spatial sensitivity characteristics of a transducer (Fig. 32ac). AdditionallyIn particular, model-based inversion methods can describe the characteristics of the experimental setup and of sound propagation in tissue, and are well suited to account for various experimental parameters (see also Supplementary. Section 1) 94-105. 
Illumination and spectral unmixing. Several operational parameters of optoacoustic imaging, such as the penetration depth achieved or the acquisition speed, depend on the energy per pulse and on the repetition rate of the light source. Therefore, the selection of an appropriate illuminator technology also plays a key role on in OPAM performance. Repetition rates of typical pulsed pulsed-laser sources employed in mesoscopic systems are in the 1–‑10 kHz range, which leads to scan times in the range of a few seconds to minutes, depending on the desired field of view (FOV) of the image. Faster imaging can be achieved with faster lasers or by utilizing using detector arrays, the latter leading to video-rate implementations23. Common mesoscopy implementations illuminate tissue with light pulses of energies in the range of a few hundred micro-‑jJoules to a few milli-joules per pulse32,75. For biological measurements, the energies and scanning speeds achieved are restricted by the ANSI-defined maximum permitted exposure (MPE) limits (W/cm2)(defined by the American National Standards Institute).
A commonly available wavelength to for optoacoustic imaging is 532 nm, generated as a second harmonic of the Nd:YAG crystal. However, a particularly beneficial feature of the optoacoustic method is the ability to illuminate at multiple wavelengths and subsequently use unmixing techniques to resolve the concentration of different photo‑absorbers in each voxel of the image106,107. Although most implementations so far utilize use a small number of wavelengths (typically 2two), an increased number of wavelengths offers improvements in sensitivity and quantification106,108. Tunable sources based on dye lasers or optical parametric oscillators (OPO) arecan be employed for illumination at multiple wavelengths109, but typically offer slow tuning rates of several seconds per wavelength. For this reason, recent advances in multispectral optoacoustics are geared toward light sources that achieve fast wavelength tuning (, which are especially relevant for for eventual clinical translation of the technologyapplications23). 
The field of sSpectral unmixing in optoacoustic imaging has been (reviewed in ref. 107) and remains a particularly active n area of active research topic. In particular, tThe optoacoustic spectral problem presents a unique challenge, as it is three-dimensional in nature and is affected by optical optical-fluence attenuation as a function of depth and wavelength (spectral colouring). Even though this effect does not strongly affect superficial measurements, novel new methods (such as EigenSpectra unmixing106) that employ data analysis in the spectral domain are emerging to can account for spectral colouring deeper in tissue, for example using EigenSpectra unmixing106.
Frequency domain iIllumination in the frequency domain. An alternative to illumination based on light pulses (time domain) is illumination based on via continuous-wave (CW) light of modulated intensity (frequency domain), in which case the amplitude and phase of the ultrasound waves are detected at the corresponding modulation frequency. In this case, Accurate accurate image formation requires that light is modulated at multiple frequencies;, for example, over the same bandwidth as the one generated by ultrafast pulses98,110. Although still in development, frequency frequency-domain illumination may ultimately allow simultaneous illumination at multiple wavelengths loaded carried at different frequencies, with. pPulse ulse-compression techniques that enhancinge the SNR (ref. 111) or the use of , and chirp pulses to sweeping through multiple frequencies have also been proposed 111,112.
Mesoscopy applications
A new range of applications can be uniquely assessed by OPAM. In the following, we discuss the types of imaging contrast available to optoacoustic imaging, and the particular capimaging abilities offered by of OPAM in for biological and medical imaging (, also summarized in Table 2). 
Optoacoustic contrast. Optoacoustic methods resolve optical absorption of chromophores at given regions of the electromagnetic spectrum. For example, in the visible and near-infrared (NIR) spectral range (450–‑900 nm), haemoglobin and melanin have high optical- absorption coefficients that are , orders of magnitude greater than those of other intrinsic light absorbers, such as collagen, lipids, or water in the same region23,26,29. As a result, optoacoustic mesoscopyOPAM can measure vascular parameters, tissue oxygenation, or melanin distribution with high contrast without the need for exogenous labels32,51. Moreover, based on because water and lipids absorb radiation strongly optical absorption in the 900–-1,700  nm wavelength bandranges, it is also possible to image water and lipidsthem using appropriate wavelength selection (ref. 113,114). Nevertheless,	Comment by Pep Pàmies: OK?	Comment by Murad Omar: Ok
M many label-free OPAM implementations operate in the visible region of the spectrum,, where haemoglobin and melanin show the highest optical absorption, compared to the NIR or other spectral windows. Detailed images of microvasculature (concentrated haemoglobin) and melanin distribution can be resolved at a single wavelength. To separate the contributions of different light absorbers,  (i.e. such as oxygenated haemoglobin, deoxygenated haemoglobin,, or and melanin), the sample can be illuminated at multiple wavelengths, giving rise to maps of optical optical-absorption spectra, which are then analyzed using via spectral spectral-unmixing techniques109. This intrinsic contrast can be employed for resolving and quantifying various pathologies, including tissue hypoxia or and inflammation115,116.
Contrast Contrast agents have also been have been also employed for employed for imaging imaging a wider range of biological and pathophysiological parameters than the one achieved with label-free methods39,117. Commonly used contrast agents include are fluorescent dyes or and nanoparticles (e.g. in particular, gold nanoparticles and fluorochrome-encapsulating liposomes)44,118-123. Nanoparticles carrying loads of organic fluorochromes yield absorption cross-sections that are comparable to metal nanoparticles, and may show better photo-stability and lower toxicity than their metal counterparts118,119,124. Recently, tTargeted optical quenchers have also been considered125. 
The use of contrast agents allowed enables imaging of cell permeability, protease and receptor up-regulation, inflammation, and several other physiological and biological processes24,39. Melanin, already an excellent endogenous optoacoustic contrast agent, can be expressed exogenously in desired cells by inserting in them the tyrosinase gene (this is , analogously to the targeted expression of fluorescent proteins in optical microscopy50,126,127). And aAn even wider range of biological processes in vivo may become accessible to optoacoustic imaging through the development of novel reporters labels, such as photo-switchable labels128,129, which that offer detection with higher SNR128,129. While Although the use of exogenous contrast agents may prove invaluable for both discovery-driven and translational research, efforts to implement optoacoustic mesoscopyOPAM in the clinical settingss are currently only focuseding primarily on imaging based on imaging with endogenous contrast, as reviewed in the following sections.
Dermatology. Several optoacoustic implementations have been considered for skin imaging, however most implementations but generally utilized employed narrow bandwidths that were are not inappropriate for high high-fidelity cross-sectional imaging 59. Portable UWB RSOM has been more recently considered employed for the quantification of psoriasis-associated skin inflammation without the need for exogenous contrast agents (label-free)32. Skin illumination  was performed at 532 nm and allowed enabled detailed visualization of skin layers and vascular morphology (Fig. 34a–‑d) reaching axial resolutions of up to 4.5 μm and lateral resolutions of 18.4 μm in the first skin layers (Fig. 43a)32, and tens of microns at deeper layers. Different psoriasis and inflammation biomarkers could be quantified in three dimensions, such as the elevated epidermal thickness (acanthosis), capillary capillary-loop elongation, capillary capillary-loop dilation, dermal vasculature vasodilation, and increased microvascular volume (Fig. 43e,f). The Quantification quantification of these features derived led to the derivation of an RSOM-based Objective objective Severity severity Index index, that which correlated with the Psoriasis psoriasis Area area Severity severity Index index (PASI), , which is the current gold standard in the clinic. However, whereas PASI is determined based on the basis of a subjective and, qualitative assessment of the skin surface, t whereas the Objective objective Severity severity Index index is based on a quantitative, multifactorial assessment of skin features, such as vessel rarefaction, total blood volume, epidermal thickness , and fractal number among others32. This development promises to bring dermatology observations closer to the demands of precision medicine. UWB RSOM was also shown to be capable of quantifying inflammation biomarkers in eczema, vasculitis, and nevus-associated vasculature32. The potential of UWB RSOM can be extended by exciting the sample with multiple wavelengths. Images recorded at 20 wavelengths in the 450–‑650 nm region109 revealed eumelanin in epidermal tissue as well as vascularization and oxygen saturation in deeper dermal layers. Blood Blood-oxygenation measurements ranged from 50% to 84%, in accordance with estimates based on diffuse optical imaging109. 
Optoacoustic mesoscopyOPAM in the few tens of MHz (, i.e.that is, at 30–-100 micronμm in  resolutions) , has also been considered for dermatology, but it revealed only a limited subset of morphological and physiological features when compared to UWB RSOM. Raster-scan implementations at <40 MHz could visualize subcutaneous vessels with diameters >larger than 50 μm (refs. 53,130-132), but not the microvasculature resolved by UWB RSOM (Fig. 43g-–j). Likewise, mesoscopy based on a multi-element 24 24-MHz linear array could only detect general boundaries of the skin or large vessels, but not a detailed view of the vasculature or of capillary loops79 (Fig. 43k). Imaging at 20 MHz was able enabled the to visualize visualization of the degradation of surgical sutures, or the localization of externally administered stem cells labelled with gold nanorods in wounds of a rat model of burn injury97,133,134. Optoacoustic imaging at even lower frequencies (10 MHz; ~200 micronμm in  resolution) was applied by using a linear ultrasound array to assess, in laboratory rats, the depth of burns in laboratory rats135,136; ; exhibiting good correlation with histological findingsin addition to allowing for clear demarcation of injury depth, which exhibited good correlation with histological findings, the technology  and revealeding neovascularization below the injured tissue and clear demarcation of the depth of injury. Optoacoustic mesoscopyOPAM of melanomas has also been considered but was has so far been limited to the imaging of animal models137,138.
OPAM opens a way to assessing and quantifying chronic inflammation, angiogenesis, injury, and healing, in a label-free mode, and it may allow the visualization of the tissue response to drugs, cosmetics,, and environmental factors such as temperature and chemicals. The method could be useful for studying how systemic diseases manifest in the skin, such as during the progression of diabetes, cardiovascular diseases, and metabolic diseases. Unlike optical coherence tomography (OCT (refs. )139-141 ) or high-frequency skin ultrasound142-144, which primarily reveal tissue interfaces and tissue morphology, OPAM visualizes specific molecules (such as haemoglobin, and melanin) and can resolve functional contrast over a larger fields (volumes) of view FOV comparedthan  to optical microscopy, thus offering complementarity complementing to existing skin skin-imaging methods, such as OCT, high frequency ultrasound imaging or reflectance confocal imaging developed so far. 	Comment by Pep Pàmies: Such as?	Comment by Murad Omar: Done
Intravascular optoacoustic imaging. Optoacoustic mesoscopyOPAM also shows has also demonstrated potential for extending the capabilities of intravascular ultrasound (IVUS) in interventional cardiology examinations. IVUS is performed by rotating and translating (pull- back) a miniaturized ultrasound detector within a catheter system inserted into the lumen of blood vessels145-147. The detector transmits and records ultrasound waves, forming three‑dimensional ultrasound images of the vessel wall. These images are used to characterize the presence and burden of atheromatous plaques in arteries, and possibly potentially assessing to assess the placement or condition of a stent. Optoacoustic images can be formed by adding an optical light guide (optical fibre) to the ultrasound system and by utilizing using the ultrasound detector both for detecting ultrasound and optoacoustic signals detection. The resulting hybrid ultrasound–-optoacoustic catheter (Fig. 45a) combines morphology information based on ultrasound contrast, (i.e. sound reflection) with complementary optoacoustic measurements of morphology, molecular content,  and pathophysiology.. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Hybrid IVUS–-optoacoustic implementations have been demonstrated resolved, for example, lipid-rich regions in excised aortas of a New Zealand rabbits fed with a mild cholesterol diet and resolved optoacoustic images of lipid-rich regions148-150; lipid concentrations resolved at around the 1200 nm or 1700 nm bands. With Multimulti-wavelength illumination of atherosclerotic human coronary arteries at wavelengths around 1,200 nm, the hybrid method yielded spectra matching those of cholesterol oleate and cholesterol linoleate151, . Moreover, and coronary lipids have also been imaged in vivo at 1,700 nm in a swine model of coronary arterial disease (Fig. 45b)114, or iand in atherosclerotic arteries in a rabbit model 152,153.  	Comment by Pep Pàmies: OK?	Comment by Murad Omar: Ok
One disadvantage of OPAM at these wavelengths combining optoacoustics with IVUS is the need to clear water (andthe bloodwater ) (and blood) from the vessel lumen, because water strongly attenuates optical excitation at >1,000 nm (ref. 114). Clearance is achieved by administering a bolus of deuterated-water saline during imaging114,154, (this is analogous to the clearance procedure of blood for intravascular OCT147). Since data must be acquired along long vessel segments during flushing, scan times of a few seconds or less are needed. However the speed of OPAM implementations is restricted by the repetition rate (typically in the kHz range) of a the laser; typically in the kHz range. Therefore a major current challenge of prototype hybrid IVUS–-optoacoustic implementations is the need to accelerate repetition rates or utilize to use frequency frequency-domain illumination and reduce scan times;  (an important prerequisite for clinical translationapplications). 
Endoscopy . The OPAM imaging  features already demonstrated developed and tested in the dermatology clinic can be translated to endoscopic imagingy of the gastrointestinal tract and of other tissue lumens and cavities. Two types of miniaturized scanning systems have been considered:. The first implements a raster-scan geometry (e.g. Fig. 1da) in a small, forward-looking scope155, and geometries and scanning approaches based on design elements from intravascular-imaging systems. . However, this The forward-looking design may limit the field of view FOV achieved by of mesoscopy, and may be better suited for optical or optoacoustic optoacoustic-microscopy implementations, possibly combined with white-light endoscopy. In the approaches inspired by intravascular imaging, The second endoscopy implementation features geometries and scanning approaches based on design elements from intravascular imaging systems. Aa single detector is rotated around its own axis to radially scan hollow organs such as the oesophagus or the colon, and at the same time it is pulled back through the lumen in order to generate images of the entire organ. Variations on this principle have been proposed, including rotation of both the detector and the optical illuminators (Fig. 54c–-e)156, rotation only of the illuminator and detection based on a stationary omnidirectional detector78, or and rotation of a parabolic mirror to direct both optical and acoustic energy from/to tissue (Fig. 54f–-h)157-159. 
Optoacoustic endoscopy has been employed to image the vascularization of the oesophagus in adult New Zealand rabbits in vivo158 (at 584 nm ; 36 MHz; 55 µm axially and 80 µm laterally) or and the lymphatic system surrounding the gastrointestinal tract (at 640 nm) after contrast enhancement with Evans Evans-blue dye157. It was also shown that rReplacing line-scan geometries with curved-scanning improves upon problems of limited -view angle and enhances image quality160. The Combination combination of optical and acoustic focus has been also proposed at 20 MHz to allows hybrid microscopy and mesoscopy imaging156. Further miniaturization can be achieved by using micro-ring resonators161; a ring-array endoscope has been considered as well for ex vivo imaging of a swine oesophagus, however it was also employed, however employed at a reduced resolution (320 μmmicrometres;  / 6 MHz)162.
OPAM endoscopy could be employed for staging disease, for evaluating the extent of tumour borders and for detecting the presence of early-stage disease that manifests as sub-surface pathophysiological alterations163,164 (TABLE Table 2). In analogy to optoacoustic dermoscopy, optoacoustic endoscopy may contribute to quantifying cancer-related and inflammation-related biomarkers, such as total blood volume, vessel dilation, vascular rarefaction during surveillance studies, or and tissue oxygenation and viability during surgical procedures23,26,157. OPAM endoscopy could be implemented on its own or in combination with other modalities such as OCT165.
Translational imaging. By extending the penetration depth of optical microscopy, mesoscopy can play a unique role in biological imaging, can provideing new abilities in studying optical views of biological tissues. In particular, mesoscopy visualizes volumes that are at least two orders of magnitude larger than the volumes accessible by optical microscopy, and thus in principle it can possibly enabling studies of detect the spatial heterogeneity of optical contrast, which that cannot would be difficult be detected with other methods, as outlined in what follows, as reviewed in the following sections. 	Comment by Pep Pàmies: OK?	Comment by Murad Omar: Great.
Cancer. The wo major motivations for applying OPAM to cancer imaging with OPAM are the have been the label-free ability to imaging ofe angiogenesis and hypoxia features (Fig. 56a,b), which are not possible by any other imaging method, , and the visualization of much larger volumes of interest that are much larger compared than those imaged by to microscopy methods. Raster-scan implementations of OPAM have enabled label‑free imaging of angiogenesis in a melanoma mouse models137,166 or and the monitoring of drug-induced vascular disruption in human colorectal adenocarcinoma xenografts76,166,167. In contrast to optical microscopy, RSOM visualized microvasculature deeper in tissue and over a larger fields of view FOV without the need to remove the skin or to implant optical windows5,168, yielding a non-invasive alternative to optical methods,; albeit at lower resolutions than optical microscopy. Cancer OPAM using linear arrays has been also demonstratedis also possible138 (680 nm; @ 21 MHz; 680nm). Moreover, the use of multiple wavelengths allows for measurements of tissue oxygenation and consequently of hypoxia109,169, with which has implications in diagnostics and theranostics implications. Similarly, RSOM imaging using two wavelengths (@584 nm and, 764 nm; 50 MHz) distinguished between the darker tumour cells (B16 ‑melanoma cells) and the vasculature59. 
In addition to intrinsic tissue absorption, mesoscopic imaging of cancer can benefit from using the use of exogenous contrast (in analogy to multispectral optoacoustic tomography23,26,44). For example, tyrosinase‑expressing K562 leukaemia cells and 293T human embryonic kidney cells were imaged in high detail at depths of 10 mm (RSOM at @ 22 MHz and 600 nm; Fig. 65c,d)50. Likewise, labelled optical quenchers were employed to visualize in high- detail the expression of αvβ3-integrin in U-87 spheroids or and in subcutaneously implanted U‑87 tumors125. Curved geometry OPAM may be better suited for a more detailed visualization of cancer (Fig. 1i), by resolving features through the entire mass of solid tumours at a more isotropic resolution than RSOM167. The Imaging imaging of enhanced- permeability- and -retention (EPR) effects has also been demonstrated shown with curved curved-geometry implementations, by imaging the distribution of exogenously administered gold nanoparticles167. 
Neuroimaging. Optoacoustic mesoscopyOPAM is also becoming popular in neuroimaging investigations in animal models, primarily due to the unique combination of contrast, penetration, resolution, and fast scan times. Real‑time volumetric optoacoustic mesoscopyOPAM was recently developed for brain imaging, based on a hemi‑spherical curved-geometry transducer array of 256 or 512 detector elements (Fig. 65e). Border-line mFesoscopy frequencies at the border‑line between mesoscopy and macroscopy  (~10 MHz) enabled real-time ex vivo monitoring of calcium dynamics and neurovascular coupling in living zebrafish brains expressing the calcium indicator GCaMP5G (Fig. 65f–‑i)170. However, imaging the mouse brain structure and perfusion has only been possible so far with macroscopic implementations171. 	Comment by Pep Pàmies: The meaning of 'borderline' in this context is unclear.
The Cortical cortical mouse vasculature of mice has also been imaged in vivo through the intact scalp, at depths of ~1–‑2 mm, by using RSOM at 20 MHz (refs. 172,173 ) or RSOM at 50 MHz (refs. 174,175), involving dye-laser illumination at 561 nm and 570 nm, respectively. Major vascular landmarks, including the sagittal sinus, middle cerebral artery and coronal suture were recorded at a lateral and axial resolutions of, respectively, 70 μm and axial resolution of and 54 µm (Fig. 65j). Although visible wavelengths only allowed the imaging of superficial cortex signals52, deeper imaging was achieved at longer wavelengths. Vascular landmarks deeper in the brain, were visible at >630 nm wavelengths, including the sinus rectus and the inferior sagittal sinus, the latter seen extending to a depth of 3.1 mm (ref. 52), were visible at wavelengths larger than 630 nm. At even longer wavelengths (889 nm) the inferior sagittal sinus was seen extending down to a greater depth (~3.7 mm)52. Nevertheless, in addition to imaging vascular landmarks, an additional key attraction for brain OPAM is the imaging of haemodynamic responses, recorded as changes in the concentrations of oxygenated and deoxygenated haemoglobin over time170,172,176-181. 
Other applications. Several studies have demonstrated the potential of optoacoustic mesoscopyOPAM for other biomedical applications, such as the . Iimaging of cardiovascular dynamics in a mouse heart in vivo by was reported using a linear array operating at 30 MHz (ref. 57), and . Video video-rate scans of the heart (532 nm) and of heart oxygenation (559 nm) was demonstrated at 50 MHz (ref. (@ 532 nm / 559 nm)58). Another study demonstrated the potential of RSOM at 22 MHz can be used for analyszing organ development, by imaging the cardiovascular system of mouse embryos both inside the mother and ex vivo (Fig. 65k)49. Inflammation responses associated with rheumatoid arthritis have also been visualized115. RSOM at 50 MHz of endothelial cells incubated with gold nanorods conjugated to intercellular adhesion molecule-1 (ICAM-1) was able to showed that, after treatment, the rods bound selectively to cells with the pro‑inflammatory cytokine interferon gamma182,183. 
Curved-geometry mesoscopy55,80 at 24 MHz has been used to image the highly detailed distribution of gold nanoparticles within murine kidneys80 ex vivo (Fig. 65l) without the need for organ clearing. It was further shown hHowever, in this study that the distribution of the IRDye 800CW was only possible at 6 MHz due to because of the larger volume occupied by the fluorochrome, (compared to with the gold nanoparticles). Multispectral curved-geometry studies at 15 MHz have visualized fluorescent proteins labelling the imaginary disks of Drosophila melanogaster and adult zebrafish in vivo at resolutions of ~35 µm resolution 68. Higher-quality images of Drosophila melanogaster and juvenile zebrafish (Fig. 67a) at 7–‑15 µm in resolution were achieved at depths of 2–‑3 mm by using RSOM and curved curved-geometry implementations at 50–‑100 MHz (refs. 47,87).
Microscopy and mesoscopy
Optoacoustic mesoscopyOPAM vs. microscopy. Acoustic resolution (AR) optoacoustic imaging exchanges depth for resolution, and aims at high-resolution interrogations through several millimetres inof tissue. AR optoacoustic microscopy requires high frequencies and bandwidths that may reach the Gigahertz range31. However, the increasing attenuation of ultrasound signals at increasing frequency forces high-resolution AR optoacoustic microscopy to imageing only at superficial depths of from a few tens of micrometres to hundreds of micronmicrometres. At lower frequencies, reduction in ultrasound attenuation reduces, allowing for a gradual shift from AR optoacoustic microscopy to AR optoacoustic mesoscopyoptoacoustic mesoscopy, the latter reaching depths of several millimetres as indicated in, Fig.1k. but at resolutions that range in the several tens of micronmicrometres (Fig. 1j). Moreover, compared to microscopy approaches, larger fields of view and volumes are imaged in the mesoscopic regime, (assuming at similar scan times). For this reason, light light-source specifications also change between microscopy and mesoscopy, with the latter generally delivering up to several orders of magnitude higher energy delivered in tissue, for deeper visualization (Fig. 1k). Therefore optoacoustic mesoscopyOPAM enables biological imaging in vivo at regimes largely inaccessible to optical microscopy and OR or AR optoacoustic microscopy in vivo (Table 1 and Fig. 1j,k). 
In contrast to the scalability seen within AR optoacoustic microscopy and mesoscopy, OR optoacoustic microscopy involves fields of view and penetration depths that are similar to optical microscopy 29. Therefore, the application span of OR optoacoustic microscopy may be limited considering the rich contrast and high sensitivity already achieved by optical optical-microscopy techniques developed for a broad range of tissue-imaging and cellular -imaging applications. Nevertheless, a distinct difference between optical and optoacoustic microscopy is their label-free imaging ability. Label-free optoacoustic microscopy visualizes micro-vasculature and more generally tissue absorption, whereas label-free optical microscopy may resolve cellular morphology (or collagen structures based on the basis of auto-fluorescence) or collagen structures184 (via tissue tissue-anisotropy contrast) respectively185. 
Hybrid optical and optoacoustic imaging. The combination of OPAM and optical microscopy or OR optoacoustic microscopy and optoacoustic mesoscopy extends optical interrogation to deeper tissues175,185-187, offering visualization across scales that are not accessible by any of the techniques on their own. By Uusing broadband broadband frequency detection, optoacoustic systems can provide reach resolutions from spanning a few micron micrometres within the first 1‑–1.5 mm in depth to tens of micronmicrometres at several millimetersmillimetres deep29, thus spanning the microscopy and the whole mesoscopy range. Moreover, recent hybrid implementations capitalize on the extended scale offered by combining OPAM (Fig. 7a) with and optical and/or OR optoacoustic microscopy (Fig. 6a). In particular, RSOM has been combined with OR optoacoustic and multiphoton microscopy for multi-scale imaging of zebrafish (Fig. 67b,c) and mouse tissue187,188. In another implementation, mesoscopy at 24 MHz was combined with selective selective-plane illumination microscopy (SPIM) for multiscale imaging of model organisms common in developmental biology (Fig. 67d)67,186. The hybrid system enabled imaging of transgenic zebrafish, and showed that for larger fish (2 months old), the optoacoustic method provides higher resolution than SPIM, since the latter is affected by photon scattering67,186. 
Hybrid imaging modalities not only merge scales but can also combine the contrast offered by the two modalities. For example, systems combining optoacoustics and ultrasound have been reported189,190 to can visualize the internal organs of zebrafish (Fig. 67e)189. A multimodal system combining fluorescence, autofluorescence, second-harmonic and third third-harmonic generation, and spectral absorption optoacoustics, showcased the benefits of having extended readings of diverse contrast in a single device184. Moreover, the demonstration imaging of DsRed imaging (by using RSOM at 50 MHz and; at 15/61 µm axial/lateral resolutions) (; Fig. 67f-–h) or of mCherry (with curved curved-geometry OPAM) oin labelled drosophila melanogaster pupae68,191, or and zebrafish68 points to the additional possibility for of highly detailed fluorescence protein microscopy corroborated by hybrid OPAM imaging at larger scales (and yet lesser resolution). Furthermore, This ability to utilize mmesoscopy images obtained over a large FOV can be used to guide microscopy examinations to specific points of interest on the mesoscopy image has been recently demonstrated experimentally187.
DiscussionOutlook
Optoacoustic macroscopy is emerging as a clinical modality for detecting cancer34,192-201 (, such as metastatic melanoma202,203) or stagingand for disease staging (as shown in in Crohn’s disease 37,204,205), but operates with characteristics that generate a performance gap when compared to the resolution and field of view FOV captured by optical or optoacoustic microscopy (Fig. 1j,k; Table 1). With its unique combination of high resolution and the capacity to imageing through several millimetersmillimetres of tissue, optoacoustic mesoscopyOPAM bridges microscopic and macroscopic imaging. Unlike optical macroscopy or optoacoustic macroscopy, penetration depth in the mesoscopic regime is primarily limited by the attenuation of high-ultrasound frequencies, rather than by light attenuation in tissue74. The frequency bandwidth detected plays a central role in the resolution achieved as a function of depth. UWB optoacoustic mesoscopyOPAM at ~200 MHz in bandwidths has demonstrated unprecedented ability to can image morphological and pathophysiological features over depths of a few millimetres, compared to implementations at narrower bandwidths (see Fig. 4). Nevertheless, the resolution achieved is not uniform with depth. Since higher ultrasound frequenciesy undergoes higher attenuation, OPAM generally detects a narrower bandwidth compared to the requirements of AR optoacoustic microscopy. Likewise, ultra-wide-bandwidth OPAM essentially offers hybrid microscopy –– mesoscopy performance. Importantly, by enabling imaging at volumes that could be two orders of magnitude larger than those typical of microscopy methods, optoacoustic mesoscopyOPAM offers ’s unique optical imaging performance not achieved cannot be matched by using purely optical optical-imaging methods. 
Optoacoustic mesoscopyOPAM exploits contrast that is fundamentally different from other high-resolution imaging modalities such as high-frequency ultrasound (HFUS) or OCT, which primarily resolve tissue morphology based on the basis of the reflection of sound or light from tissue interfaces. In contrast, optoacoustic imaging visualizes optical absorption from tissue molecules or from nanoparticles, which means that it offers unique morphological, functional, and molecular contrast that may complement HFUS or OCT. With Using spectral unmixing, multispectral optoacoustic mesoscopyOPAM can sense and differentiate multiple molecules and particles along the spectral dimension23, revealing functional and molecular characteristics of the tissue that HFUS and OCT cannot sense. Moreover, OPAM may allow imaging through several millimetres of tissue (depending on the frequency employed), unlike the fundamentally limited depth (because of photon scatter) offered by OCT, which is fundamentally limited by photon scatter. 
An important development in optoacoustic mesoscopyOPAM is relates to the use imaging of the novel imaging features offered as biomarkers of pathophysiology and disease. For example, Ssingle-wavelength UWB optoacoustic mesoscopyOPAM can was shown to provide quantitative measurements of such inflammatory biomarkers (such as vessel dilation, tortuosity, and total blood volume), without the need for exogenous labels32;. These such metrics may facilitate precision-medicine implementations in move dermatology and endoscopy closer to the implementation of precision medicine, for a more rigorous and objective monitoring of  in which disease progression and treatment efficacy can be monitored rigorously and objectively206. The Aaddition of multi-wavelength illumination and spectral unmixing can extends label-free imaging capabilities to include the imaging of oxygenation and hypoxia109, fat/, lipids and  and water content 150,151,207, or and melanin109. This way, optoacoustic mesoscopyOPAM can thus monitor, in a label-free mode, an array of biomolecules and features relating relevant to health and disease in a label-free mode. 
These nThe ovel imaging features of OPAM are likely to could be clinically useful in the assessment of the skin and/or systemic skin conditions32,130,137, in oncology32,75,137, in cardiovascular medicine, and for studies of metabolic disorders such as diabetes. For example, many diseases involving inflammation and alterations in metabolism, such as cancer, psoriasis, tissue remodelling and diabetes, involve perturbations in angiogenesis and in tissue oxygenation208. Moreover, the development of hybrid OPAM systems could further extend imaging capabilities by combining the advantages of microscopy and mesoscopy and by enableing multi-scale label label-free imaging of tissue pathophysiology. The biological and clinical applications of optoacoustic mesoscopy may further increase as The further development of contrast agents and targeted probes are developed for optoacoustic imaging may also expand the biological and clinical applications of OPAM. These tools Hybrid OPAM systems already permit specific imaging of an extended range of biological targets and functions, such as receptor and enzyme expression23,39. Dedicated contrast -enhancement strategies, such are also considered for optoacoustic imaging, including as reporter genes50,126,127 and photo-switchable proteins128,129,209, are also applicable to optoacoustic imaging. These Such developments can expand the range of molecules and processes that can be visualized by optoacoustic mesoscopyOPAM in the laboratory, and can enable biological imaging at depths inaccessible to optical microscopy. 
To achieve the full potential of optoacoustic mesoscopyOPAM, further advances in system hardware and in computational algorithms are required. The detection sensitivity of optoacoustic imaging is fundamentally limited by current detection technologies, which were originally designed to meet the needs of ultrasonography. In Uultrasound imaging, may increase the power of the ultrasound pulses emitted can generally be increased to compensate for weak detector sensitivity. However, this practice is not generally possible in optoacoustic imaging because of ANSI-defined laser laser-safety limits. ThusTherefore, detectors of increased sensitivity are required for optoacoustic mesoscopyOPAM. Also needed are better light sources that enable illumination at multiple wavelengths using via nanosecond-range pulse widths. Tunable lasers and high-energy pulsed pulsed-light sources that operate at multiple wavelengths remain expensive, and generally have low repetition rates (<10 kHz) and wavelength tuning speeds (>1 sec) that limit the implementation of multispectral RSOM. The laser laser-repetition rate limits the scanning speed of RSOM and the field of view FOV that can be inspected in a certain time period. Conversely, while although the use of multi-element ultrasound arrays could accelerate scan times, high performance OPAM based on array technology is challenging to achieve due because of to difficulties in balancing high bandwidths, small detection areas, and high-sensitivity by using array technology. FinallyMoreover, improvements in tomographic reconstruction and image analysis can also improve image quality and quantification, for example utilizing via techniques superior to simple filtered back‑projection, including model model-based approaches or methods that account for fluence effects or for the electrical or total impulse response of the system131. We expect that the emergence of clinical applications based on optoacoustic technology will drive advances in the design and fabrication of light detectors and light sources, thus improving mesoscopy the performance of mesoscopy.
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Fig. 1 | Scanning implementations and operational regimes of optoacoustic mesoscopyOPAM. (a-–d), Raster scan optoacoustic mesoscopyOPAM (RSOM). (a), The A wide-field illuminating light beam employed to excites ultrasound waves in the sample. The bBlack dots represent point absorbers in the sample. (b), The generated ultrasound signals are detected within confined volumes generated by the focal points of spherically focused transducers. (c), The detection process is approximated by using point detectors (, termed virtual detectors), which are assumed to be located at the acoustic focus. (d), Raster-scan pattern, shown on a simplified schematic representing the skin. (e), Raw data generated from three point absorbers, as schematized in panels a-–c. (f), The Mmathematical inversion of the raw data in panel e generates an accurate tomographic representation of the point objects. (g,h), Optoacoustic Optoacoustic microscopy scheme utilizing uses focused illumination, in contrast to whereas RSOM utilizing uses broad-beam illumination. (i), Schematic of cCurved-geometry optoacoustic mesoscopyOPAM. All scanning implementations can be realized based on with detector arrays instead of single single-element transducers; however, single single-element transducers lead to better image quality (see text). (j,k), operational Operational characteristics of optoacoustic mesoscopyOPAM, compared to optoacoustic microscopy and macroscopy, as shown in for depth and -resolution plots (j) and for energy- and detection bandwidth  plots (k).
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Fig. 2 | Effects of Ddetector bandwidth, detector aperture and angle of acceptance on the performance of  and optoacoustic imaging performance. (a), Experimental data of the optoacoustic bandwidth generated by illuminating a 10 µm microsphere with 1.8 8-ns and 8 8-ns laser pulses. Using The use of shorter pulses generates a much broader range of frequencies from the same sample. (b,) Comparison of bandwidth responses of detectors with nominal central frequencies of 25 MHz, 50, MHz orand 100 MHz (. Tthese three bandwidths correspond to actual detectors measured at the Institute for Biological and Medical Imaging & the Chair for Biological Imaging HMGU/TUM in  (Munich, Germany).  (cc), Experimental images of the human human-skin capillary loops reconstructed by using increasing bandwidths of 30 MHz, 70 MHz, 110, MHz and 170 MHz, exhibiting improvements in resolution and image quality with increasing bandwidth. (dd), Images obtained from a KPL4 breast breast-tumour xenograft in a mouse in vivo using reconstructions based on all frequencies (10-–90 MHz), a low-frequency sub-band (10‑–30 MHz), a high-frequency sub-band (30‑–90 MHz), or and on the combination of low-frequency and high-frequency sub-bands following equalization (Mmerged;: green, small vessels; red, large vessels). Separate reconstruction and visualization of low and high frequencies enables better representation of the high-frequency details, which may be not be clearly visible otherwise (e.g. that is, when comparing the 10‑–90 MHz to the 10‑–30 MHz image). e, Depending on aperture and focusing characteristics, a detector can collect signals over different angles of acceptance. Inset, zoom in on the focal region. f, Experimental results of increasing angle of acceptance for imaging a KPL4 breast-tumour xenograft in a mouse. As the acceptance angle increases from 15° to 60°, the vasculature and other image features are better resolved. Scale bars: cc,: 500 µm;, dd and f,: 2 mm.  Panel a reproduced with permission from ref. 47. Panel b courtesy of Dominik Soliman. Panel c c reproduced with permission from ref. 32. 
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Fig. 3 | Effect of detector aperture and angle of acceptance on optoacoustic imaging. (a) Depending on aperture and focusing characteristics a detector can collect signals over different angles of acceptance. The inset shows a zoom in on the focal region. (b) Experimental results of increasing angle of acceptance for imaging a KPL4 breast tumor xenograft in a mouse. As the acceptance angle increases from 15° to 60°, the vasculature and other image features are better resolved. Scale bar; 2 mm.
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Fig. 4 3 | Skin imaging using optoacoustic mesoscopyOPAM. (a-–f), RSOM of healthy and psoriatic skin at 180 MHz in bandwidth. (a), Representative image of healthy skin showing the different layers. EP, epidermis; DR, dermis; CL, capillary loops; VP, vascular plexus. (b-–d), Maximum Maximum-intensity projections of the skin layers in panel a:; (b) epidermis (b), (c) capillary loops (c) and (d) vascular plexus (d). (e-,f), Comparison of psoriatic skin (e) and healthy skin (f) imaged at 50 MHz. (g), morphological Morphological optoacoustic mesoscopyOPAM imaging of the skin vasculature, shown from the top, imaged using a 39 39-MHz optical detector. (h), mMaximum -intensity projection of the vasculature in the human palm, using RSOM at 35 MHz. (i), Hybrid RSOM (red)-) – OCT(graygrey scale) image of human skin., RSOM was acquired by using an optical detector with a -–3 dB bandwidth of 39 MHz;, arrows point to vessels in the vascular Pplexus., (j), Coronal images of the skin, acquired with RSOM using a 35 35-MHz single single-element PZT detector., (k), Optoacoustic mesoscopyOPAM of the human skin using a 24 24-MHz linear array multi-element transducer; arrow ‘1’ points to a mole, arrow ‘2’ points to the skin surface, and arrows ‘3’ points to the upper and lower boundaries of a vessel. In all cases i,j–,k the lower bandwidth does not allow precludes to reach the image performance and resolution seen in panel a, i.e. at  (180 MHz in bandwidths). Scale bars, 500 µm (panels a-–d, i, j), 200 µm (panels e‑–f), 1 mm (panels g,h,k). Panels Panels a-–f reproduced with permission from ref. 32, panels g,i reproduced with permission from ref. 210, panel h,j reproduced with permission from ref. 130, and panel k reproduced with permission from ref. 56.
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Fig. 45 | Optoacoustic endoscopy. (a), Schematic of an optoacoustic intravascular catheter. An intravascular ultrasound (IVUS) transducer is combined with a miniaturized optoacoustic endoscope inside a polyethylene (PE) sheath. The optical signal (red) and the acoustic signal (green) are rotated using a parabolic mirror. IVUS, intravascular ultrasound detector; APOF, angle angle-polished optical fibere; MTC, metal torque coil. (b), Representative hybrid optoacoustic-–ultrasound image of swine of a coronary arterial disease in a swine, in vivo obtained at a wavelength of 1,700 nm. The yellow dashed lines demarcate a stent visualized based on the basis of lipid contrast. (c-–e), Optoacoustic endoscopy based on rotating both the ultrasound detector (UST) and the illumination source. (c), Photograph of the distal end of the catheter. (d),e, Axial (d) and image and (e) sagittal (e) images of a swine esophagusoesophagus, obtained with the system in panel c. M, mucosa; SM, submucosa; MP, muscularis propria. (f), Optoacoustic endoscopy based on a parabolic rotating mirror but yet a static detector and illumination source. The mirror rotates both the acoustic field and the optical optical-illumination beam. GM, geared micromotor; JB, jewel bearings; MN, magnets; OF, optical fiberfibre; PM, plastic membrane; SM, scanning mirror;. UST, ultrasound transducer (g), Radial maximum maximum-intensity optoacoustic projection spanning 360° of a rabbit esophagusoesophagus, at 584 nm, showing total hemoglobinhaemoglobin concentration, obtained used the system in panel f at 584 nm. (h), Functional radial maximum -intensity projection showing oxygen saturation (sO2) in for the image from panel g by using data collected at wavelengths of 562 nm and 584 nm. Scale bars, 1 mm (panel b), 1 mm (panel e), 1 cm (panels g,  and h). Panels a,b reproduced with permission from ref. 114. Panels c-–e,  provided courtesy of Andreas Buehler. Panels f reproduced with permission from ref. 159, and. Panels g,h reproduced with permission from ref. 157.
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Fig. 65 | Translational imaging with optoacoustic mesoscopyOPAM. (a), Maximum Maximum-intensity projection RSOM image of a KPL4 breast -cancer xenograft in mice at 532 nm, showing detailed vasculature (red: 10-–30 MHz; green: 30-–90 MHz). (b), Oxygen saturation (sO2) image of the region shown by a white -box region on panel a . The sO2 image was produced by imaging at four wavelengths (520, 540, 560, and 590 nm), followed by linear unmixing. (c,d), RSOM images of tyrosinase-expressing K562 cells (central yellow mass) embedded subcutaneously in the mouse flank. Images were taken at 0 days 0 (right after cell implantation) in panel c and at day 15 days in panel d after cell implantation. (e), Schematic of a sSpherical detector array for volumetric optoacoustic imaging. UST, ultrasound transducer (consisting of multiple (256) elements); FB, fiberfibre bundle; CN, connecting cables. (f), Real-time volumetric mesoscopic optoacoustic imaging of a zebrafish brain in resting state at 10 MHz using the detector shown in panel e. (g-–i), Activation patterns evoked in response to pentylenetetrazole neurostimulation at the time points printed shownon the bottom left corner of the image. (j) , Non-invasive optoacoustic imaging of the cortex vasculature in a mouse brain, arrows indicate feeding/draining vessels in the mouse’s somatosensory cortex; SS, sagital sinus; CS, coronal suture. (k), Maximum Maximum-intensity projection images using interferometric RSOM at 22 MHz of the thorax and abdominal cavity of a mouse on embryonic day 15.5 ex vivo. (l), Imaging of murine kidneys ex vivo using curved geometry optoacoustic mesoscopyOPAM. The mouse had been injected with gold nanorods 15 minutes prior to euthanasia. Spectrally unmixed images of gold nanorods overlaid in yellow over a single single-wavelength optoacoustic image at 765 nm. The iInset, shows a magnification of the region pointed to by an arrow. Scale bars, 1 mm (panels a-–d), 1 mm (panels j-–l). Panels c,d reprinted with permission from ref.50. Panel e reproduced with permission from ref. 211. Panels f-–I reproduced with permission from ref. 170. Panel , j reproduced with permission from ref. 172, .Panel k reproduced with permission from ref. 49, and. Panel l reproduced with permission from ref. 80.	Comment by Pep Pàmies: Please define SS and CS, and describe the arrows.	Comment by Murad Omar: DONE
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Fig. 76 | Optoacoustic mesoscopyOPAM in development applications. (a), Maximum Maximum-intensity projection obtained using curved-geometry mesoscopy, showing the side view of a juvenile zebrafish (21 days old) obtained using curved geometry mesoscopy. (b), Maximum Maximum-intensity projection of an RSOM image of a larvae zebrafish (6 days old), showing the central melanocyte stripe (C), the eyes (E), lateral melanocyte stripe (L), and the inner organs (O). (c), Zoom-in of the region marked by a white box oin (b), by using hybrid optoacoustic-–multiphoton microscopy.: The optoacoustic optoacoustic-microscopy signal is shown in red, marking the melanocytes.; The second second-harmonic generation image signal is shown in blue, showing and denotes different muscle structures (myomeres) constituting the musculature of the fish body. and The third third-harmonic harmonic-generation image signal is shown in green, and showing denotes the regions between the myomeres most probably representing myosepta, which are thin sheets of connective tissue separating and supporting the myomeres. (d), Hybrid imaging combining optoacoustic mesoscopyOPAM (brown) and single-sheet illumination microscopy (SPIM,: green) of an adult zebrafish (2 months old), showing that the resolution of optoacoustic mesoscopyOPAM is higher than that of SPIM when imaging adult fish, due to the increased photon scattering over few-days days-old fish,. (e), hHybrid optoacoustic mesoscopyOPAM-–ultrasound microscopy of a juvenile zebrafish., redRed: optoacoustic mesoscopyOPAM;, green,: ultrasound microscopy;, the TV, tail vein (TV). (f-–h), different Different cross sections through a Drosophila melanogaster pupae, imaged at 50 MHz and 532 nm. Scale bars, 1 mm (panels a,b,d,e), 100 µm (panels c,f). Panel a reproduced with permission from ref. 87, . Panels b,c reproduced with permission from ref. 187. Panel , d reproduced with permission from ref. 186. Panel , e reproduced with permission from ref. 189, and. Panels f-–h reproduced with permission from ref. 191.



Table 1 | Typical technical and operational characteristics of state state-of of-the the-art implementations of optoacoustic microscopy, mesoscopy and macroscopy implementations. 
	
	OR Ooptoacoustic 
Mmicroscopy
	AR 
Ooptoacoustic 
Mmicroscopy
	AR oOptoacoustic
mMesoscopy
	AR Ooptoacoustic
Mmacroscopy

	Image formation 

	Scanning
	Scanning
	Mathematical 
inversion
	Mathematical inversion

	Illumination


Energy per pulse
Repetition rate
Pulse width

	Diffraction Diffraction-focused light

<1 µJ
10-–500 kHz
0.003‑–10 ns
	Unfocused or
moderately focused 
<10 µJ
10-–500 kHz
0.3‑–10 ns
	Wide field


0.01-–10 mJ
1-–500 kHz
1-–10 ns
	Wide field


>10 mJ
10-–100 Hz
20-–200 ns

	Detection
(typical)

	Single detector

	Single detector
	Single Ddetector 
or Ddetector Aarray
	Detector aArray

	Bandwidth

	~10-–100 MHz
	>~50 MHz
	~10-–200 MHz
	<~10 MHz

	Resolution* 
 Lateral 
 Axial
	Optical diffraction
<3 µm
<30 µm
	Acoustic diffraction
<50 µm 
<30 µm
	Acoustic diffraction
<100 µm
10-–100 µm
	Acoustic diffraction
100‑–500 µm 
100‑–500 µm 


	Depth*
	<1 mm 

	1-–2 mm
	0‑–10 mm
	>10 mm

	Primary Llimitation

	Photon scatter
	Ultrasound 
attenuation
	Ultrasound 
attenuation
	Light 
attenuation


*TNumbers indicate typical values, not  (rather than absolute boundaries).




Table 2 | Example applications of optoacoustic mesoscopyOPAM.
	Area and disease
	Features imaged
	Dimensions of feature offered
	References

	Dermatology

Cancer
Psoriasis 
Eczema
Burn
Cosmetics

	Inflammation
Acanthosis
Melanin Melanin-layer thickness
Lesion borders /and depth
Rarefaction 
Total Bblood Vvolume
Vasculature Mmorphology
Angiogenesis 
Vasodilation 
Oxygenation /and Hhypoxia
Hair /and Hhair follicles
	Depth Iimaged, : 
1-–4 mm in burn depth or in the, dermis 

Area scanned,: 
 >( 0.25-–1 cm)2


	32,54,130,137,138,210,212

	Intravascular imaging 

- Plaque characterization
- Assessment of vessel -wall condition

	Lipids 
Haematoma
Vascularization 
Plaque morphology
Inflammation
 
	Depth Iimaged:, 
5-–7 mm in plaque depth

Area scanned :,
 360 degrees x 5-–10 cm in length
	113,114,148-154,207,213-216

	Endoscopy

Cancer staging
Barret’s esophagusoesophagus
Colitis / Crohn’s disease
	Wall /and tumortumour  morphology
Vascular morphology 
Angiogenesis 
Oxygenation /and Hhypoxia
Total blood volume
	Depth Iimaged,:
 3-–4mm 

Area scanned :,
 360 degrees x 5-10 cm in length
	156,157,159,160,217

	Small Small-Aanimal Iimaging

Neuroimaging 
Cancer
Vascular disease
Organ visualization
	Oxygenation /and Hhypoxia 
Perfusion 
Vascular morphology
Tissue morphology
Neuronal activity (with labels)
External Llabels
	Depth Iimaged:,
 7-–8 mm 

Volume scanned ,:
 < (1 cm)3
	51,59,76,83,87,125,132,167,218-221, 52,175,185,, 49,57,58,80

	Developmental biology 

Phenotyping adult organisms
Functional imaging
	Deep Deep-seated fluorescent proteins or optoacoustic reporters. 
Tissue morphology 
Vascularization
Oxygenation/ and Hhypoxia
	Depth Iimaged:, 
4-–5 mm, whole-body

Volume scanned , :
< 2(5 mm)3
	47,49,68,73,87,186,189,222
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