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Abstract: Optoacoustic imaging is an emerging technology that holds great promise for improving general
clinical practice since it offers a unique combination of optical absorption contrast, high resolution, and high
penetration depth. This combination of factors provides a distinct advantage over alternative imaging
modalities in oncology, cardiology, dermatology, or endocrinology among other medical fields. Optoacoustic
technology affords the medical practitioner the possibility of visualizing light-absorbing biomolecules like
water, lipids, oxy/deoxy hemoglobin, or melanin in deep tissue with relatively cheap and small form factor
instruments, without the need of contrast agents or ionizing radiation. Moreover, exogenous fluorescent
contrast agents like indocyanine green or methylene blue can also be observed. Driven by its potential for new
applications in the clinic, the field has experienced intense changes in the last 20 years. Continuous
technological advancements in instrumentation, image formation methods, or acquisition geometries, have led
to the development of numerous clinical devices also motivating the creation of several startup companies that
aim to translate the technology from the lab to the clinic. Thus, the question arises: how far are we from clinical
adoption? In this article, we aim to shed light on such question by reviewing the clinical studies that have been
performed in the last 10 years. Our intention is to go beyond the classical review format by providing a brief
general overview of the steps that new imaging methods undergo on their journey from the lab to clinical
adoption. Then we examine the progress that optoacoustic technology has made on such a journey.

Keywords: clinical optoacoustic imaging; clinical photoacoustic imaging; clinical translation

1. Introduction

Optoacoustic imaging (OAI) is an emerging optical imaging modality that leverages the
combination of the rich contrast based on optical absorption with the ability of ultrasound (US) to
provide high resolution images of deep tissue [1-3]. In this technique, tissue is illuminated with low
energy optical pulses. As light travels, it is selectively absorbed by chromophores, creating a local
increase in pressure via thermo-elastic expansion, which in turn produces US waves. By placing
several detectors at the tissue surface, the time profile of the acoustic waves can be recorded. Different
image formation methods [4-6], can be used to convert the acoustic signals into 2D or 3D images of
regions displaying high optical absorption, even in deep tissues. The combination of the contrast
provided by light absorption and US detection allows producing images of medically relevant light-
absorbing biomolecules or compounds like melanin, water, and oxy/deoxy hemoglobin, amongst
others. Importantly, the depth-to-resolution ratios are the ones typical from US imaging systems (tens
of micrometers resolution at few millimeters depth, and hundreds of micrometers at several
centimeters depth). Hence, OAI is a molecular imaging technique that uses non-ionizing radiation
and has a “label-free nature”, that can be used for frequent monitoring of patients and longitudinal
studies. It is important to remark that methylene blue and indocyanine green (ICG), which are long-
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standing FDA-approved optical contrast agents with different clinical prescriptions, exhibit a strong
optoacoustic effect and thus, can be imaged by OAI systems.

Despite the wealth of modern imaging alternatives, other modalities simply cannot obtain the
distribution of relevant biomolecules under the same conditions of contrast specificity, safety,
resolution, and depth. Positron emission tomography or single-photon emission computed
tomography can visualize the distribution of a plethora of molecules through the whole body as long
as they are chemically combined with radionuclide agents, which emit ionizing radiation, at a
resolution of the order of the millimeter. Planar X-ray imaging and tomography (sub-millimeter
resolution order) capitalize on the physics of X-ray attenuation to display anatomical images of hard
tissue. By using spectral techniques soft tissue and molecular components can be resolved at the
expense of using ionizing radiation. Magnetic resonance infrared (resolution of the order of the
millimeter) leverages the relaxation properties of the spin of nuclei to show images with rich versatile
soft tissue contrast, however, label-free molecular imaging is challenging. Moreover, the cost of this
technology is tremendous, preventing its massive use beyond large hospitals and clinics. Pure US
imaging (resolution ranging from tens of micrometers to few hundred micrometers depending on
depth) generates contrast based on the reflection of sound mainly at tissue interfaces, leading to
useful morphological images, but offers no molecular information. Finally, standard optical methods
using regular optical cameras can only image at high resolution (sub-micrometer range) at shallow
depths (<1 mm). Beyond, those depths images become completely blurred due to photon scattering,
and no structures are visible.

1.1. Imaging Modes: Single-Wavelength vs Multi-Spectral Imaging

OAI systems can be utilized using a single-wavelength or several wavelengths for illumination.
Single-wavelength illumination leads to images that display the distribution of the bio-compounds
that absorb more efficiently this specific wavelength. For example, in the visible range and near
infrared (from 420 nm to 900 nm) OAI produces images whose contrast is related to the concentration
of melanin and oxy/deoxy hemoglobin. When moving into the short-wave infrared region (up to 1400
nm) the contribution of water, proteins and lipids to signal overcome by orders of magnitude the
contribution of melanin and hemoglobin [7]. Importantly, the contribution of each of the compounds
to the signal is mixed. Therefore, one knows that the intensity of voxels of the images is related to the
concentration of these compounds but cannot infer information about their relative concentration.

On the other hand, multi-wavelength illumination allows to retrieve the concentration of each
specific compound. In this imaging mode, usually referred as multi-spectral optoacoustic
tomography (MSOT) or spectral photoacoustic tomography, the tissue is illuminated with different
wavelengths obtaining one image per wavelength. From the resulting set of images an optoacoustic
spectrum can derived for each pixel, finding the concentration of each compound through spectral
unmixing algorithms. Nevertheless, from a mathematical perspective, the unmixing problem
represents a considerable challenge since after few millimeters deep in tissue, the spectra of each of
the compounds become indistinguishable [8,9].

1.2. Operational Classification of Optoacoustic Modalities

OAI modalities can be classified in two groups using an operational criterion which, in turn, is
related to the penetration-to-depth ratio imposed by the physics of US: macroscopy and mesoscopy
(Table 1).

Macroscopic implementations are well suited for performing molecular imaging at the organ
level, with a resolution of ~200 um at depths up to 5 cm. Macroscopic OAI modalities have found a
large variety of potential applications in numerous medical specialties including endocrinology,
oncology, cardiology, dermatology, rheumatology or pediatrics.

Mesoscopic implementations are well suited for molecular imaging at the tissue level, at a
resolution of ~10-100 um and depths up to 5 mm. Mesoscopic OAI modalities have found several
potential applications in dermatology, oncology, cardiology and endocrinology.
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For the sake of completeness, it is necessary to mention the microscopic domain. In microscopic
systems resolution is generally governed by optical diffraction instead of US diffraction at the
expense of a very low penetration depth (several micrometers). This domain is prescribed for the
medical operator interested in observing single cells at the surface of tissue. Therefore, it is finding
applications in histological analysis that are beyond the scope of this review paper.

Table 1. Technical and operational characteristics of optoacoustic mesoscopy and macroscopy (green
color) within their medical specialties in a format recognized in the European Union and European
Economic Area (orange color).

Optoacoustic Mesoscopy Optoacoustic Macroscopy
Bandwidth
Lateral 10-200 MHz <10 MHz
Resolution <100 pum 100-500 pm
Axial 10-100 um 100-500 um
Resolution 0-10 mm >10 mm
Depth
Cardiology, Dermatology, Endocrinology,
Cardiology, Dermatology, Gastroenterology, General Surgery, Hematology,
Medical Endocrinology, Inmunology, Neurology, Obstetrics and
Specialty Hematology, anology, Gynzjlecology, -
Pathology, Plastic Surgery, Oncology, Orthopaedics, Pathology, Paediatrics,
Rheumatology Podiatry, Rheumatology, Urology, Vascular
Surgery

1.3. Macroscopic Systems

In order to image macroscopic structures (vessels, distribution of fat or proteins, etc.) at the organ
level, OAI systems operate using US detectors with acoustic parameters similar to those of the US
systems commonly used in the clinic (central frequency and bandwidth < 10 MHz).

In a common approach, macroscopic implementations tend to merge standalone US imaging
systems with OAI devices. This format offers three advantages: 1) the same US array can be used for
OAI and US data acquisition; 2) the complementary nature of the information given by each sub-
system may expedite clinical applications; 3) by providing familiar anatomical US images a positive
attitude of the medical practitioner towards the new technology is created.

Generally, two approaches can be taken when designing such systems. In approach A linear
arrays are used (Figure la). In approach B curvilinear arrays formed by cylindrically focused
transducers are used (Figure 1b). In the former, high quality US images can be obtained at the expense
of a reduced quality in the OAI images. Such quality mismatch is explained by the coherent nature
of the optoacoustic wave’s generation as opposed to the random nature of US reflection in tissue [10].
For similar reasons in approach B high quality optoacoustic images are obtained at the expense of a
reduced quality in the US images. The larger the aperture covered by the detectors around the imaged
object the higher the quality of the optoacoustic reconstructions. Both approaches lead to 2D images
that display tissue up to 5 cm deep.

Another common macroscopic approach consists of utilizing semispherical arrays (Figure 1c).
Such arrays can achieve 180° aperture leading to 3D images. In several embodiments the
semispherical array is located under a bed and scanned on a 2D grid below the imaged object to
obtain 3D images of large field of views. Alternatively, the array can be scanned mechanically or
manually around the imaged location.
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Figure 1. Schematics of the representative implementation of OAI corresponding to commercial
systems used for clinical applications. (a) Commercial breast imaging system Imagio with linear
array - FDA approval, first CE Mark approval - for clinical research from Seno Medical Instruments.
(b) Multi-spectral optoacoustic tomography Acuity with curvilinear array for clinical research from
iThera Medical. (c) Multi-modality medical imaging optoacoustic mammography with semispherical
array of the University of Twente. (d) Raster-scan optoacoustic mesoscopy Explorer C50 for clinical
research from iThera Medical. Each system is equipped with a different probe. System components:
(1) display monitor, (2) operating PC, (3) data acquisition device, (4) laser light source, (5) foot switch,
(6) wheel lock, (7) probe, (8) flexible arm, (9) scanning stage, (10) touch screen, (11) bed unit, (12)
aperture for semispherical detector array.

1.4. Mesoscopic Systems

Typical mesoscopic systems are based on epi-illumination of tissue and detection of optoacoustic
signals at locations along a line or a 2D-dimensional grid on the skin surface. To be able to image
structures at the tissue level (micro-vasculature, cells, etc.), the detector must operate in frequency
regions well above 10 MHz. Large bandwidths (up to 100 MHz) are required to achieve an axial
resolution of ~10 pm. Usually, a single detector is scanned to capture OAI signals along the line or
grid (Figure 1d), in a configuration that is called raster-scan optacoustic mesoscopy (RSOM). Multi-
element arrays can also be employed as alternatives to single-element detectors. These are most of
the times high frequency linear arrays or high frequency semispherical arrays. However, mesoscopy
based on single-detectors generally offers superior imaging performance compared to multi-element
arrays, since larger bandwidths can be achieved [1].

1.5. Endoscopy

OAI has been implemented in the form of endoscopic systems for imaging the esophagus, the
prostate, the vaginal walls, or the lumen of vessels [11-15]. The variety of such systems would require
a distinct review therefore, they are beyond the scope of this document.
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2. Review Studies

In what follows, we review the essential literature about the clinical studies carried out in
approximately the last 10 years using OAI technology in clinical medicine with human in-vivo
experiments. We will differentiate the medical domain and its associated applications, the class to
which the OAI system belongs (macroscopy or mesoscopy), whether the study is registered in a
national/international database of clinical records and the certification level of the system (if any at
all). For each medical field, we briefly explain why OAI may have an impact in the clinic.

2.1. Macroscopic Systems

2.1.1. Cancer Imaging

OALI systems carry a highly competitive edge over other imaging technologies for cancer
monitoring, diagnosis and therapy guidance [16,17]. The advantage stems from the fact that OAI is
very well suited for resolving the vascular architecture, going well beyond the capabilities of
standalone US imaging systems. Moreover, it does not have the cost disadvantages of magnetic
resonance infrared and the safety issues of computed tomography and positron emission
tomography. For example, it has been shown that small vessels (diameter <1 mm [18]) cannot be
resolved by Doppler US while OAI is capable of visualizing them. Hence, aberrant vessel growth
typical from malignant lesions can be displayed by OAI systems with better fidelity than US systems.

The outstanding abilities of OAI to image vessels results from a fortuitous combination of the
magnitudes of several parameters like the sensitivity and bandwidth of today’s US transducers, the
maximum laser energy permitted in tissue, tissue acoustic properties, size of the vessels and tissue
optical properties. It is worth noting that the optical absorption coefficient (p.) (Figure 2) of
hemoglobin in the visible and near infrared range is orders of magnitude higher than the optical
absorption of the surrounding biomolecules. Since the strength of the OAI signal is directly
proportional to pa, OAI systems display vascular structures with virtually no background noise.
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Figure 2. Optical absorption coefficient of different chromospheres in the visible spectral range:
oxy/deoxy hemoglobin and melanin [19].

OAI not only depicts the vascular architecture but can also resolve the concentration of
oxy/deoxy hemoglobin at high resolution when implemented as MSOT [8,9]. Therefore, the
oxygenation status of vessels can be calculated, information which may be used for functional
imaging (while the patient performs a specific action, for example), or to detect metabolic
abnormalities related to tumor malignancy. Nevertheless, the inverse problem that has to be solved
to calculate the oxygenation values is challenging due to ill-posedness issues [8,9].

We refer first to the imaging system from Seno Medical Instruments called Imagio, since it has
been the first to obtain the FDA approval for breast cancer imaging [20]. The system combines OAI
and US using a linear array (Figure 1a and section “Macroscopic system implementations”) and can
now be used in the clinic to increase the accuracy of categorization of breast tumors. Seno Medical
Instruments performed a series of pivotal clinical studies to establish a reasonable assurance of safety
and effectiveness of the Imagio system to achieve the positive outcome of the FDA evaluation. The
multi-center clinical trial (NCT01943916) played a central role as primary clinical study. Several
articles have been published following this study [21-23], demonstrating that the system can obtain
functional and anatomical maps of the vasculature of breast masses (Figure 3a). Other researchers
have explored the additional benefit of OAI in optimizing categorization of breast masses during US
examinations [24-26].

Many other systems have been investigated for breast cancer imaging. The OAI system
developed by Canon Inc based on a semispherical array (Figure 1c) has been used at least in five
studies from a team of the Kyoto University. In the work presented in [27] the authors used the so
called PAI-01 to image 27 breast tumor lesions, including 21 invasive breast cancers, 5 ductal
carcinomas in-situ and one phyllodes tumor. The system detected the lesions in 15 out of 21 cases.
The same system was used in [28] to study tumor vessel distribution and oxygen saturation in 57
patients with breast cancer. The study was included in the clinical trials registry of the University
Hospital Medical Information Network of Japan with register ID (UMIN000003406). The results
demonstrated the potential of the system for identifying malignant functional features of breast
tumors. A modified version of the PAI-01 system (PAI-03) was applied to image breast cancer in 30
patients evaluating oxygen saturation and tumor-related vascular structures obtaining higher
penetration depth [29]. PAI-03 was used in [30] to count vascular branching points as a potential
biomarker for breast cancer in 30 patients enrolled in clinical trial (UMIN000012251). Tumor-related
vessels structures around breast tumors (Figure 3b) were visualized in [31] with a new version of the
system called PAI-04. A total of 190 patients participated in the study under clinical trials
(UMINO000018893, UMIN000022215 and UMIN000022767).

The University of Twente developed a multi-modality optoacoustic medical imaging
mammoscope [32] based on a semispherical array to study breast cancer (Figure 1c). The authors in
[33] visualized breast malignancies in 29 patients included in the Netherlands clinical trial (TC2945)
approved by the institutional review board (IRB) of the Medisch Spectrum Twente Hospital. The
same system and data were used in [34,35], to capture breast cancer malignancies related to tumor
vascularity. The images were compared to magnetic resonance imaging and vascular staining in
histological slices. A new version of the Twente mammoscope was used in [36] to image 3D vascular
networks in healthy breasts (clinical trial TC6508). The system included a dual-wavelength laser to
improve the image’s contrast of hemoglobin.

A group from the University of North Carolina developed an OAI system dedicated to breast
cancer imaging also based on a semispherical array from OptoSonics Inc [37]. In a pilot study, the
authors demonstrated good visualization of the vasculature in the breast tissue of 4 patients. A similar
system that incorporates a curvilinear array that is scanned to achieve full view was developed in
Caltech Optical Imaging Laboratory (COIL) in California [38,39]. The data acquisition speed was high
enough to achieve single-breath-hold imaging, avoiding artifacts due to motion. The system was able
to capture images with detailed angiographic information in 7 patients with breast cancer.
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A team from the Institute of Biological and Medical Imaging (IBMI) in Munich developed a
hybrid OAI/US system based on a hand-held curvilinear array called the Acuity system (Figure 1b).
Importantly, this system, which is commercialized by Ithera Medical, obtained the CE mark for
clinical research. The system has been tested in a couple of clinical studies related to breast cancer.
More specifically, the IBMI team used the Acuity system on 13 patients [40]. The spectral range of the
platform allowed the computation of oxy/deoxy hemoglobin, total blood volume, lipid and water. In
the work presented in [41], using images obtained from 22 patients with breast cancer, the authors
derived markers of malignancy, including vasculature abnormalities, hypoxia, and inflammation.
The study was approved by the IRB of the Technical University of Munich (N°®27/18 S).

Another team from IBMI developed a system based on a semispherical array and tested its
performance for in-vivo imaging of breast cancer [42]. The authors could identify vascular structures
and the distribution of oxy/deoxy hemoglobin and total hemoglobin operating the system in a hand-
held fashion.

A portable OAI breast cancer system based on two linear arrays that are scanned on top of a
compressed breast was developed in [43] at the University of Buffalo. The results showed images of
the breast in craniocaudal plane, a viewpoint that is most recognizable to radiologists and is simple
to understand.

The Laser Optoacoustic Ultrasonic Imaging System Assembly (LOUISA) system from
TomoWave Laboratories Inc [44], which is based on a rotating semispherical array (Figure 1c), has
been also used for morphological and functional vascular imaging of the human breast. The study
was approved by the MD Anderson Cancer Center.

Thyroid cancer has been one of the main targets of the clinical studies performed with OAI
technology. The superficial location of the thyroid gland makes it very convenient to be imaged with
OAL The Acuity system was used by an IBMI team [45] to evaluate benign and malignant thyroid
disorders including Grave’s disease and thyroid nodules in 18 patients. The same team in
collaboration with the University of Groningen used the system in 50 patients enrolled in a clinical
trial (NCT04730726). The authors found features associated with vasculature patterns in thyroid
nodules suspicious for malignancy [46].

A group from Pohang University of Science and Technology (POSTECH) developed a hybrid
OAI/US imaging system formed by an US commercial FDA approved system, a laser and a
customized linear array [47]. The system was used to image 52 patients included in clinical trial
(NCT00170196). Results demonstrated real-time OAI/US imaging capabilities of thyroid nodules in-
vivo, in 29 benign cancer lesions and 23 papillary thyroid cancers.

A team from Peking University [48] modified a linear array from a commercial clinical US
platform to perform OAI The system was used to study suspicious malignant thyroid nodules with
indications for fine needle aspiration biopsy and histology [2]. OAI images confirmed the diagnosis
in 13 patients with thyroid cancer. The research was performed under approval from the IRB of the
Peking Union Medical College Hospital.

Macroscopic OAI systems have also been used for imaging skin cancer. The group from IBMI in
collaboration with the National Skin Center of Singapore [49] used the Acuity system to image 3
patients showing structural and functional 3D mapping of skin tumors. A different group from the
University of Duisburg-Essen [50] applied the Acuity system to evaluate the metastatic status of
sentinel lymph nodes in skin melanoma. A total of 20 patients included in the German clinical trials
register (DRKS00005447) were imaged. Results indicated that the system’s technology using ICG as
contrast agent was able to detect sentinel lymph nodes up to 5 cm depth. Last but not least, the system
created at POSTECH was used in [51] to image different types of melanomas in-vivo in 6 patients
provided depth, size and metastatic type.

2.1.2. Cardio-Vascular Imaging

As explained at the beginning of the previous section, OAl is particularly well suited for imaging
blood vessels, being able to resolve their oxygenation status as well. Therefore, a large amount of
research effort has been oriented towards cardio-vascular imaging. Additionally, the ability of OAI
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to resolve other biomolecules like lipids or collagen may be useful, for example, for detecting and
determining the status of atherosclerotic plaques.

Several studies have been conducted by teams from IBMI using the Acuity platform. In [52] they
used the system to investigate the vasculature and morphology of peripheral nerves in 12 subjects.
The results linked the endogenous contrast of hemoglobin and collagen with the perfusion of
connective tissue. The Acuity was applied as well for imaging atherosclerotic plaques in the carotid
artery. They could relate the lipid and hemoglobin content of the plaque with its stability [53,54]. In
a different study, another group from IBMI in collaboration with the University Hospital of Muenster
[55] explored the potential of OAI images to diagnose congenital vascular abnormalities
(arteriovenous malformation and venous malformation) [56]. The results revealed higher oxygenated
hemoglobin levels in arteriovenous malformation than in venous malformation, providing a
potential intrinsic biomarker to distinguish both conditions. In other research work in collaboration
with the University Medical Center Groningen, they explored the potential of the Acuity system to
predict plaque instability [57,58], in 5 patients with a symptomatic carotid stenosis. Other works
studied morphological and anatomical vascular structures of human thyroids in 27 patients suffering
from hypothyroidism [59,60]. In the work presented in [61] Acuity was used to assess flow-mediated
dilation test. Such test could be eventually used to characterize vascular endothelial dysfunction [62].

Other research groups have also used Acuity to investigate vascular anomalies. Clinical
assessment of major blood vessels and micro-vasculature in the lower limbs identifying pulsation in
arteries during imaging was proposed in [18]. The research was carried out at a group from IBMI in
ten human volunteers included in the Dutch national trial registry (NTR4125).

Several studies have been reported from a team of Kyoto University using the OAI platform
developed by Canon Inc. The PAI-03 system ability to unravel the vascular anatomy of the thigh was
explored in [63]. The system was used to identify anterolateral thigh perforators [64] and the
branching patterns in the subcutaneous layer. The study included 5 patients in a registered clinical
trial (UMIN000018893). The same team used the PAI-03 in [65] to analyze the vascular morphology
of 23 subjects. They observed increased blood vessel curvature an arterial tortuousness with age. In
a different study, they observed the vascular structures in hand and foot of smokers [66]. The images
of 21 patients included in clinical trials (UMIN000018893, UMIN000022767) obtained with PAI-03
and PAI-04 revealed different functional and morphological structures in smokers compared to non-
smokers.

In [67] an OAI system based on a semispherical array called 1k3D-PACT from the COIL group
in California was applied in 4 patients who had a hemicraniectomy [68] to quantify oxygen saturation
and blood volumes in the brain. The OAI/US system developed at POSTECH was used in [69] to
visualize morphologic and physiologic features of the human foot of 6 subjects approved by the IRB
(PIRB-2020-E019). Results provided the structure of the vasculature in the skin, providing functional
information of hemoglobin, oxygen saturation, vessel density, and vessel depth up to 10 mm. In this
case, the authors used a macroscopic system for a mesoscopic application. The same system with a
new semispherical array was used in [70,71], to obtain high quality imaging of the vasculature of the
human forearm.

A team from IBMI [72] developed an OAI/US prototype system that combines a linear and a
curved transducer array. The platform enabled the acquisition of high quality anatomical and
functional information on blood oxygenation status. In the work presented in [73] an OAI system that
relies on an US sensor based on a Fabry Perot interferometer developed at the University College
London was used to visualize vasoconstrictor capillary beds on peripheral limbs and the dorsal
artery. Fifteen patients were included in the study (IRB 1133/001). After cold water immersion, the
images showed smaller vascular structures than the images obtained from subjects that were not
immersed in water.

A clinical hand-held system based on a linear array developed at POSTECH was used to image
the vasculature of blood vessels and hemoglobin oxygen saturation of different parts of 4 human
subjects in [74]. The so called “LightSpeed” system was created at IBMI to analyze angiography of
the human wrist with images displaying structures up to 5 mm deep [75]. This system includes a
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pulsed laser diode and a semispherical array. In [76] a system mounted with a compact tunable laser
and an US linear array developed at the Center for Biomedical Engineering of the University of Texas
Medical Branch was used for brain oxygenation monitoring.

There has been also works to study the vascular changes caused by diabetes mellitus using OAI
platforms. For example, a research group from the University of Electronic Science and Technology
of China in collaboration with the University of South Florida [77], built an OAI system to investigate
hemodynamic changes of foot vessels during vascular occlusion in 14 diabetic patients. Results
showed difference in the peripheral hemodynamic response when comparing healthy subjects with
those suffering diabetes.

2.1.3. Lymphatic System Imaging

Many studies have been conducted to establish the possible clinical impact of OAI in the
visualization of lymphatic vessels motivated by the fact that OAI can resolve ICG, which is used for
sentinel lymph node detection and other procedures.

Several research efforts from a team at the Keio University School of Medicine were devoted to
applying the PAI-05 to obtain images of the lymphatic system. The authors in [78] compared the
images obtained with OAI and near infrared optical imaging of the lymphatic vessels in the lower
limbs of 15 subjects using ICG, demonstrating that OAI obtained a more detailed 3D representation
of the lymphatic vessels. A human lymphatic pump was observed using ICG contrast and OAI in
[79], where the lymphatic fluid did not flow continuously. The study was included in the Japan
registry of clinical trials (JRCTs032180204). Other research efforts were oriented to [80] study the
effect of aging on the lymphatic vessels in the lower leg of 19 subjects enrolled in the clinical record
of [79], concluding that the number of lymphatic vessels increased with age (Figure 3c). In [81] the
team evaluated the surgical procedure called lymphaticovenular anastomosis [82] using the system
with a new implementation for OAI lymphangiography. The study was carried out before and after
the intervention in 3 patients with lymphedema.

2.1.4. Musculoskeletal Imaging

Musculoskeletal imaging can highly benefit from the vascular imaging capabilities of OAI but
also from the ability of imaging other biomolecules like collagen.

The Acuity system has been employed in different studies for diagnosis and monitoring of
musculoskeletal diseases. Twenty patients with Duchenne muscular dystrophy [83] included in the
clinical trial (NCT 03490214) were imaged by a group at the Friedrich Alexander University [84]. The
system was applied for visualization and quantification of collagen content as an imaging biomarker
for the disease.

In the work presented in [85] and [86] a group from IBMI imaged muscle perfusion and
oxygenation under arterial and venous occlusion after exercise. The results clearly showed
hemodynamic and oxygenation changes in the skeletal muscle in 4 subjects. A group from Friedrich
Alexander University [87] used the system to visualize and quantify muscle wasting in pediatric
spinal muscular atrophy [88]. Results from 20 patients enrolled in clinical trials (NCT04115475)
showed moth-eaten optoacoustic signal patterns (Figure 3d).

An exploratory analysis to differentiate cortical from cancellous bone for spinal surgeons of a
human vertebra was made at the Johns Hopkins University [89]. The platform used for the study
includes a Phocus mobile laser (Opotek, USA) and a linear array. Results indicated that signals from
the cortical bone have higher amplitudes than signals from the cancellous bone. In [90] a team from
the University of Electronic Science and Technology of China in collaboration with University of
South Florida developed an OAI system made with a tunable pulsed laser and an US curvilinear
array. The system was used to track the hemodynamic changes in 6 forearm muscles during cuff
occlusion. The study was approved by the IRB of the University of Chongging.

2.1.5. Gastrointestinal Imaging
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Inflammatory gastrointestinal conditions like Crohn’s disease are generally characterized by
angiogenesis and vasodilation in the intestinal walls. Such perturbation can be observed by OAI
systems overcoming the disadvantages of intrusive endoscopes.

Acuity has been applied in several experiments involving inflammatory Bowel disease [91] in
research conducted by groups from Friedrich Alexander University. The platform was used in a
clinical trial (NCT02622139) that included 344 patients to perform trans-abdominal evaluation of
intestinal inflammation in patients with Crohn’s disease [92-94]. Results suggested that hemoglobin
levels in the intestinal wall have the potential to be used to differentiate between active and non-
active disease (Figure 3e). In [95] data from 44 patients included in the same clinical trial was used to
evaluate the presence and severity of ulcerative colitis [96]. The system enables assessment of disease
activity and provides quantitative measurements of hemoglobin and oxygen saturation.

A novel approach to study the functional assessment of the gastrointestinal tract using ICG as a
contrast agent was proposed in [97]. Ten subjects included in a clinical trial (NCT05160077) were
examined on two days. In day one they received standard meals and in day two standard meals plus
ICG intakes. Results indicated the technical and clinical feasibility of Acuity with contrast enhanced
for functional imaging of the intestine. The system was applied in [98] to study the human intestine
during postprandial gastrointestinal blood flow in same patients. Results showed physiological
alterations on the human intestine.

2.1.6. Miscellaneous

Optoacoustic macroscopy has been also applied for imaging human inflammatory joint diseases
[99]. A team from the University of Twente [100] evaluated the feasibility of using a hybrid OAI/US
system to assess clinical evidence of synovitis. The authors analyzed the inflammation of proximal
inter-phalangeal joints in 17 patients approved by the IRB. The system is based on a MylabOne US
platform from Esaote that incorporates a diode laser and a US linear array.

A team of the University of Cambridge [101] used the Acuity system to study physiological and
vascular changes in the menstrual cycle. Results in 21 patients approved by the IRB showed
significant differences in image intensities for proliferative/follicular and secretory phases, the two
main phases of the menstrual cycle [102]. Acuity also has been used in a group of the University of
Lusofona in Portugal [103]. The system was capable of visualizing suprasystolic reactive hyperemia
[104] during occlusion in ten patients. The research was approved by the corresponding IRB. Results
revealed that the suprasystolic occlusion obliterated the superficial smaller vessels and evoked stasis
in deeper structures.

In [105] the authors proposed to use OAI for preoperative vascular evaluation of anterolateral
thigh flap [105]. Eight patients were enrolled in the study following approval by the IRB of the Kyoto
University Graduate School of Medicine (C1298). For each patient, images of the head and neck were
obtained with the PAI-05 system, creating a vascular map of anterolateral thigh flap that facilitates
surgeries. The same system was used in [106] to evaluate the distribution of thoracodorsal artery
perforators [107] in 18 patients. Another work in collaboration with the Japan Science and Technology
Agency that analyzed human limbs with PAI-05 was presented in [108]. The authors obtained high
quality images of palm, thigh, and foot (Figure 3f) in 30 patients included in clinical trial
(UMIN000022767).

Other studies have been performed using the Acuity system. In [109] a team from IBMI applied
the system to study lipid metabolism through measurements of lipid signals in arteries, veins, skeletal
muscles and adipose tissues. Four participants approved by the IRB of the Medical Faculty of the
Technical University of Munich (N® 349/20 S) were included in the study. Another team from the
University of Zurich [110] imaged 7 patients for preoperative mapping and selection of incision sites
for surgery.
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Figure 3. Optoacoustic images corresponding to several macroscopy applications. (a) Image of
breast carcinoma acquired with the system Imagio from Seno Medical Instrument in a patient with
breast cancer included in clinical trial (NCT01943916) [23]. Significant blood hypoxia and dense
angiogenesis m-vasculature (green) is shown with significant deoxygenation (red). (b) Image
obtained from a breast cancer patient with PAI-04 platform from Canon Inc under clinical trials
(UMIN000018893, UMIN000022215 and UMIN000022767) [31]. The white cubed confined the tumor
colored in red. Several clustered fine blood vessels are observed in the vicinity of the tumor. The
nipple at the center of this image is colored light blue because the absorption spectrum of melanin in
the nipple and the spectrum of low oxygen saturation are almost the same. (c) Optoacoustic
lymphangiography of the lymphatics vessels (yellow) and veins (blue) taking with PAI-05 under
clinical trial JRCTs032180204) [80]. (d) Images of a section of the right biceps of a healthy subject (top)
and a patient with spinal muscular atrophy (bottom) obtained with the system MSOT Acuity from
iThera Medical under clinical trial (NCT04115475) [87]. Images show homogeneous muscle fibers in
healthy volunteer, whereas patchy clusters of hypertrophic and atrophic muscles fibers lead to the
moth-eaten pattern are observed in spinal muscular atrophy patient (bottom). (e) Images of the
intestinal wall of a patient with Crohn’s disease in remission (top) and active (bottom) obtained with
MSOT Acuity under clinical trial (NCT02622139). In contrast with the patient remission, clinical and
endoscope Crohn’s disease activity is associated with increased signals for oxygenated hemoglobin
(delimited with white cubes). Reprinted with permission from [92]. (f) Images of a palm (left) and the
sole of the foot (right) obtained with the PAI-05 system. Study was under clinical trial
(UMIN000022767) [108].

2.2. Mesoscopic Systems

OAI mesoscopy systems operate at the tissue level, being able to reach several mm deep
preserving high resolution (tens of micrometers). Such imaging performance is particularly well
suited for visualizing the micro-vasculature in the skin (the dermal vessels diameter ranges from 10
micrometers to 100 micrometers [111]). In fact, when operating using ultra-wideband transducers,
OAI mesoscopy is able to reveal the dermal microvasculature with a fidelity which is not accessible
to other technologies [111]. The skin vessel structure plays an essential role in the pathogenesis of
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most dermatological conditions but also in cardio-vascular and metabolic diseases. Hence, OAI
mesoscopy opens many clinical research opportunities in several medical fields.

A clinical hybrid OAI/US mesocopy system based on a low energy solid state laser was
developed at Fraunhofer Institute for Biomedical Engineering [112]. The system was able to provide
images of the morphology of the subcutaneous micro-vasculature by raster scanning a spherically
focused transducer.

A group from the University of Electronic Science and Technology of China [113] designed a
mesoscope based on a high frequency semispherical array and assessed its potential to monitor
hemodynamic changes in foot vessels. Results from 12 human subjects showed the decline in micro-
vascular function with age.

A multi-modality system combining OAI mesoscopy and optical coherence tomography for skin
imaging was developed at the Center for Medical Physics and Biomedical Engineering of the
University of Vienna in collaboration with the University College London [114]. The system was able
to display the micro-vascular anatomy of the different layers of the skin of the human palm at depths
up to 5 mm. A similar system was used [115] to study different dermatological pathologies. Results
provided information about tissue morphology and vasculature (Figure 4a—c) of 24 patients with
different types of eczema. The research was approved by the IRB of the Medical University of Vienna.

In the work presented in [116] a team from IBMI developed an RSOM system to image human
skin that revealed comprehensive views of the skin micro-vascular structure. Such views included
the smallest capillary loops that are close to skin surface and the arterioles and venules of the deep
dermis. Since then, different versions of the system have been developed by several IBMI teams. Their
potential for impacting the clinical routine of different dermatological, cardio-vascular and metabolic
diseases has been assessed. In [117] the group applied the RSOM system to visualize the micro-
vascular structure of the nail folds. Six healthy volunteers participated in the study. RSOM was able
to provide the capillary loop density and diameter which are two parameters involved in systemic
sclerosis. In [118] the authors developed an RSOM system capable of capturing the skin micro-
vascular hyperemic response to cuff, with potential implications in the assessment of endothelial
dysfunction. The RSOM images showed clear functional differences between smokers and non-
smokers. The same group has also been exploring the ability of RSOM for the assessment of changes
in the dermal micro-vasculature in diabetic patients [119] (Figure 4d—f). A total of 92 human subjects
were enrolled in the experiment under approval from the IBR of the Hospital of the Technical
University of Munich. In [120] an RSOM system incorporating multi-spectral capabilities was used
to calculate the distribution of oxy/deoxy hemoglobin and melanin in the skin.

The same IBMI group explored in [122] the possibility of using RSOM to improve allergic patch
testing, enrolling a total of 60 patients. Results suggested higher fragmentation of skin vasculature in
allergic skin reactions. Similarly, the system was applied in [123] to quantify skin sensitivity to
ultraviolet light in 7 subjects, revealing the microscopic vascular effect of the erythematous skin
reaction [124] after exposure to ultraviolet light. Berezhnoi et.al. [125] applied RSOM to monitor heat-
induced hyperemia in 6 subjects. Results showed increased total blood volume in the skin in response
to local heating at single-micro-vessel resolution in the forearm. Omar et.al. [126] combined RSOM
with machine learning techniques identifying morphological characteristics of skin lesions. In [127]
it was shown that RSOM is capable of visualizing skin morphology and vascular patterns in psoriasis
patients. The work was extended in [128] revealing inflammatory and morphological skin features
that indicated treatment efficacy with sensitivity, accuracy, and precision not accessible to standard
clinical metrics. All the above studies were approved by the IRB of the Faculty of Medicine of the
Technical University of Munich.

A team from IBMI [129] applied an OAI mesoscope based on a semispherical array to measure
the structural and physiological features of intact hair follicles and pilosebaceous units. The research
was carried out with 7 healthy volunteers included in a clinical trial (DSRB 2014/00677). In [130] the
National Skin Center of Singapore in collaboration with another team from IBMI used RSOM
Explorer C50 system for clinical research from iThera Medical. A total of 91 patients with atopic
dermatitis enrolled in the study with the approval from the IRB of the National Health Group of
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Singapore (N*°2017/00932). Results demonstrated significant differences between healthy and atopic
dermatitis patients in terms of epidermis thickness, total blood volume and the ratio of low frequency
and high frequency signals in the dermis.

Figure 4. Optoacoustic images corresponding to several mesoscopy applications. (a-c) Mesoscopic

images approved by the University of Vienna of a healthy subject (a), a patient with chronic
hyperkeratotic hand eczema (b), and a patient with the disease under treatment (c) [115]. The depth
range between 1.2 and 3.0 mm includes vessels of the deep vascular plexus in the DR as well as few
vessels of the subcutaneous fat. Note the hypervascularization in the patient (b) and how because of
the antiproliferative and vasoconstrictive effects of the topical steroid used, the vascular network is
sparse (c). (d-f) Cross-sectional images of skin in 3 diabetic patients with different neuropathology
scores (neuropathy disability score (NDS) [131] and neuropathy symptom score (NSS) [132])
produced with a custom-made RSOM system under approval from the hospital of the Technical
University of Munich. The dermis (DR) and epidermis (ER) are delimited with white bars. Figure d
shows result for a patient without neuropathology, figure e for a patient with low neuropathology
scores, and figure f for a patient with high neuropathology scores. It is observed that as the
neuropathology score increases, there is a decrease in the thickness of the DR and ER, being more
visible in the DR. Reprinted with permission from [119]. Scale bar = 500 pm.

3. The Path Towards Clinical Translation: Are We Close to Clinical Adoption?

Assuming that funding is not a problem, the development and commercialization of new
medical devices is a long and complex process (on average it takes 3 to 7 years from proof-of-concept
to regulatory approval in the USA) [133]. The teams committed to translate new technologies into
medical devices engage on a trip full of uncertainties and challenges that, on many occasions, may
end up in failure. Apart from the scientific and technical challenges related to redesign and testing of
the technology until a viable device is ready for end-users (which usually takes 2 to 3 years and costs
of a few million euros [134]), the team must overcome numerous regulatory barriers, which may be
especially stringent with most innovative technologies.
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Regulation imposes different legal, technical, and clinical requirements, which need to be
considered from the very beginning of the design process. For example, devices must be designed in
compliance with highly restrictive electrical safety and electromagnetic compatibility requirements,
since these must be certified by an accredited lab before any clinical test relevant for regulatory
approval can be performed. These clinical tests must also be pre-approved by regulatory authorities
and by the ethics and scientific committees of the center/s performing the tests, which may require
several iterations until the study can even start. Furthermore, medical device regulations apart from
changing in time and vary from country to country, may require, depending on the device
classification, and continuous surveillance of any relevant data. Additionally, they require periodic
audits by different regulatory authorities, maintenance of considerable amounts of documentation.
Moreover, the deployment of measures and establishment of protocols intended to ensure different
aspects of the quality and safety of the devices are needed. Consequently, apart from the budget
required for initial regulatory approval, there will be non-neglectable regulatory costs during product
lifetime which must also be considered when evaluating the viability of any business model related
to the medical device.

Despite of the wealth of casuistry, there are a few steps on the approval process for new medical
technologies that are common in most regulatory frameworks. Initially, devices are classified
according to their risk level for the patient and, depending on this risk, the testing requirements are
established. By default, medical devices using new technology will be classified in the highest risk
group and are required to undergo the most rigorous reviews that include provision of exhaustive
clinical evidence to validate the performance and safety of the technology. Furthermore, depending
on the nature of the device and its proposed use, the complexity of the clinical testing (ranging from
basic studies with a limited number of patients, to large multi-center randomized clinical trials in
which hundreds to thousands of patients must be recruited and followed up), can severely affect the
time and cost of getting the medical device approved.

Fortunately, the clinical part of the regulatory approval process can be much simpler if there are
already approved devices that have only minor differences with the device under evaluation. If such
devices exist, and depending in which degree equivalence can be demonstrated (e.g., in terms of
intended use, technology, performance, etc.), clinical testing requirements can be much less stringent,
being determined according to the risk classification of the equivalent device. Between 2014-2021, the
first medical imaging device using OA technology (Imagio, Seno Medical Instruments USA) [20] was
approved by the regulatory authorities of the EU and USA, which represent the two biggest and most
regulated medical device markets globally. This system, which combines standard US and OAI and
is intended to evaluate breast abnormalities in adult patients, has established the basis for expanding
OAl into different applications and the introduction of new devices into the clinics.

The breakthrough achieved by the Imagio system together with the wealth of successful clinical
studies performed with other systems across a wide range of clinical applications, precludes full
clinical adoption of OAI in the medium term.
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