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Abstract

Photoacoustic imaging (PAI), also known as optoacoustic imaging, 
is a promising biomedical imaging technique that combines the 
benefits of rich optical contrast and high ultrasonic spatial resolution 
to overcome the limited penetration depth of light in living subjects. 
Basic biomedical research conducted with PAI in preclinical studies 
has generated much interest and shown outstanding potential for 
clinical and commercial translation. PAI has captured morphological, 
functional and molecular information in studies of living animals and  
humans, providing intrinsic clinical indicators from early diagnosis 
through to treatment monitoring. This Review presents the fundamentals 
of PAI technology and various clinical PAI systems and addresses key 
findings from pilot and clinical patient studies of human organ systems. 
The Review also discusses technical and non-technical challenges  
in clinical scenarios, emphasizes the importance of standardization in 
accelerating clinical translation, and summarizes the current state of 
the PAI regulatory process.
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elastography11) but it lacks molecule-specific contrast unless paired 
with microbubbles or other contrast agents12.

Photoacoustic imaging (PAI), also called optoacoustic imaging, 
has attracted considerable attention in biomedical imaging over the 
past decade, emerging as a non-ionizing hybrid imaging modality that 
combines the high spatial resolution of USI with robust optical capabili-
ties to visualize tissues a few millimetres to centimetres in depth13. PAI 
utilizes rich optical endogenous and exogenous contrast to provide 
in vivo information based on the light absorption characteristics of 
biological tissues14. The hybrid characteristics of PAI enable it to be 
integrated seamlessly with conventional USI systems, expanding the 
range of clinical applications while retaining existing USI capabilities15. 
As both PAI and USI can be simultaneously conducted in real time, PAI 
can provide additional qualitative or quantitative multiparametric 
assessments, complementing the morphological information from 
conventional USI16. Combining these modalities enhances the potential 
for comprehensive diagnostic evaluations in clinical practice (Table 1).

The photoacoustic effect was discovered by Alexander Graham 
Bell and Charles Sumner Tainter in 1880, and Bell patented its appli-
cation under the name ‘photophone’17. In the mid-twentieth century, 
similar physical mechanisms were applied in gas analysis studies, where 
the terms ‘optoacoustic’ or ‘optic-acoustic’ were first used18,19. Owing to  
confusion between the terms ‘optoacoustic’ and ‘acousto-optic’, the 
new term ‘photoacoustic’ was first introduced in 1973 in the context 
of the study of solid targets20 and applied in various studies21–24. Since 
1994, the terms ‘optoacoustic’ and ‘photoacoustic’ have been used 
interchangeably in biomedical imaging fields25,26. PAI has evolved rap-
idly over the past two decades in the area of biomedical imaging27, from 
in vivo, small animal imaging via a conference proceedings article in 
2000 (ref. 28), functional small animal imaging in a peer-reviewed 
journal article in 2003 (ref. 29), in vivo human imaging via a conference 
proceedings article in 2001 (ref. 30), to more recent clinical trials14,31–38.

PAI has demonstrated its potential for clinical translation in mor-
phological imaging based on endogenous contrasts (for example,  
haemoglobin (Hb)39, melanin40, nucleic acids41,42, lipids43 and collagen44)  
as well as in targeted molecular imaging (for example, with exog-
enous contrast agents14,45) and functional imaging (for example, 
oxygeneration46,47, blood flow48, stiffness49, metabolism50 and lymphatic- 
vessel mapping51). Here, we summarize the fundamental principles 
and characteristics of PAI in clinical PAI systems and describe key find-
ings from clinical and pilot studies of different human organ systems. 
Technical and non-technical impediments to the clinical translation of 
PAI are discussed and we highlight the standardization efforts required 
for successful adoption of PAI in healthcare systems. Furthermore, we 
discuss the status of the regulatory process for the approval and use of 
PAI as medical equipment from an industrial perspective.

Fundamentals of PAI
In PAI, short-pulsed light directly irradiates biological tissue (Fig. 1a). 
Depending on its wavelength, the light is absorbed to varying degrees 
by endogenous chromophores (for example, DNA, RNA, Hb, melanin, 
collagen and lipids) or, if introduced, by FDA-approved exogenous 
contrast agents (for example, indocyanine green (ICG) and methyl-
ene blue). The absorption of each light pulse induces a rapid localized 
temperature increase, initiating thermal expansion and consequently 
generating an ultrasound wave whose origin can be identified by its 
time-of-flight. The ultrasound waves, known as photoacoustic waves, 
convey valuable information about the optical absorption properties 
of a tissue13. An ultrasound transducer (USTR) is typically employed to 

Key points

 • By combining optics and ultrasound, photoacoustic imaging breaks 
the fundamental penetration depth barrier of traditional optical 
imaging, providing absorption-based rich optical contrast and high 
ultrasonic spatial resolution in living tissues.

 • Photoacoustic imaging systems are implemented in various forms to 
suit diagnostic purposes in clinical settings: dual-modal photoacoustic 
and ultrasound imaging based on conventional ultrasound imaging 
systems, station-based tomographic photoacoustic imaging, and 
mesoscopic/microscopic photoacoustic imaging.

 • Photoacoustic pilot and clinical studies of human functional systems 
have demonstrated high potential for translating the modality into 
clinical practice.

 • Despite the notable outcomes of photoacoustic imaging, several 
challenges remain: overcoming technical and non-technical 
limitations, standardizing image analyses, obtaining regulatory 
approval, and securing medical insurance coverage for its 
commercialization.

Introduction
Optical imaging has transformed biological and medical research 
by visualizing morphological, physiological and molecular features 
of living tissue1–3. Diffusive optical imaging (DOI) techniques in the 
near-infrared (NIR) spectral region have gained widespread usage in 
biomedical applications owing to their safety, versatility, real-time 
imaging capabilities and non-invasiveness4. A notable advantage  
of DOI is its ability to utilize the natural absorption characteristics of 
biological tissues, particularly the differential absorption properties 
of oxyhaemoglobin (HbO2) and deoxyhaemoglobin (HbR) in the NIR 
wavelength range, which means that changes in blood oxygenation 
and blood volume within tissues can be measured without the need for 
exogenous contrast agents or dyes. This label-free imaging capability 
contributes to its non-invasiveness and safety and makes it suitable 
for a wide range of applications, from monitoring tissue oxygenation 
to assessing muscle performance. Despite the advantages, however, 
DOI has poor spatial resolution owing to strong light scattering within 
biological tissues5.

In clinical practice, magnetic resonance imaging (MRI), X-ray 
computed tomography (CT), positron emission tomography (PET) 
and ultrasound imaging (USI) are standard tools used to screen for and  
diagnose illnesses, monitor treatment effectiveness, and track disease 
progression6 but do have limitations. MRI, CT and PET are not usually 
portable and require specialized spaces. MRI and PET have particularly 
long examination times and high costs. CT and PET employ ionizing 
radiation, a potential health risk for both patients and medical staff. 
Furthermore, PET uses radioactive tracers as contrast agents, creat-
ing logistical issues of handling and disposal7. USI can overcome some 
of these limitations as it does not use ionizing radiation, can image  
in real time, is cost-effective and is portable. USI can readily image various  
body regions in a localized way and is commonly used in image-guided 
interventions, making it the preferred choice in many clinical scenarios8,9.  
Furthermore, it can also provide functional information such as blood 
flow (via Doppler ultrasonography10) and tissue stiffness (for example, 
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detect the photoacoustic signals, which undergo signal processing52, 
image reconstruction53 and image processing54 procedures to generate 
a cross-sectional 2D or 3D photoacoustic image display.

As the optical absorption coefficient of each target is wavelength 
dependent, photoacoustic contrast is spectrally determined by the 
excitation light. In general, a specific monochromatic light source 
within the ultraviolet, visible and/or NIR spectrum is used for photo-
acoustic excitation (Fig. 1b). In the ultraviolet region, nucleic acid  
bases (for example, adenine, guanine, cytosine, thymine and uracil) in 
DNA and RNA exhibit pronounced light absorption peaks at 260 nm 
(ref. 55) and aromatic amino acid residues (for example, tryptophan, 
tyrosine and phenylalanine) inside proteins absorb light strongly at 
250–300 nm (ref. 56). Consequently, PAI in the ultraviolet spectrum 
can image cell nuclei and cytoplasm without exogenous chemical 
staining41. In the visible to NIR-I spectral range, Hb is highly absorp-
tive, and thus PAI in this spectral range effectively visualizes vascu-
lar networks. This key ability enables PAI to monitor angiogenesis, 
map blood oxygenation and evaluate vascular morphology57. Other 
chromophores, such as melanin and exogenous contrast agents, have 
been exploited for PAI in the visible, NIR-I and NIR-II spectral ranges. 
Exogenous photoacoustic agents (for example, metallic nanomaterials, 
carbon-based nanomaterials, organic materials and semiconducting 
polymer nanoparticles) effectively improve the signal-to-noise ratio 
(SNR) and contrast, expanding the scope of PAI for functional imaging14. 
In clinical applications, FDA-approved exogenous agents, such as 
ICG and methylene blue, can be injected or taken up by the body to 
track or monitor their distribution via the digestive58, lymphatic59 or 
gastrointestinal systems60. Collagen and lipids are major PAI biomark-
ers in the NIR-II spectral range, enabling lipid-plaque monitoring in 
arterial-related diseases61.

PAI systems for clinical applications
PAI has demonstrated promising preclinical efficacy in small animal 
imaging, and research has been expanding from small-scale pilot stud-
ies in humans to large-scale studies with clinical impacts; in addition, 
several forms of commercial PAI equipment have been launched62–69. 
Many implementations of PAI exist70, but we describe three main forms 
that can be used for clinical studies, depending on the region of inter-
est (ROI) and clinical purpose: dual-modal handheld photoacoustic 
and USI (PAUSI), station-based tomographic PAI, and mesoscopic and 
microscopic PAI.

Dual-modal PAUSI
A dual-modal PAUSI system typically adapts a traditional USI sys-
tem combined with a portable pulsed laser source. The operation of 

this integrated PAUSI system is very similar to that of the traditional  
USI system, so it should be familiar to medical professionals. The 
integrated system can simultaneously acquire photoacoustic and 
ultrasound (PAUS) images of biological tissues that provide comple-
mentary information about their acoustic properties (for example, 
organ structures and blood flow) and optical absorption spectra (for 
example, Hb concentration, oxygen saturation of haemoglobin (sO2) 
and the pharmacokinetics of molecular agents)71. The dual-modal 
PAUSI system can be implemented as either a handheld or endoscopic 
device (Fig. 2a). The handheld system uses USTRs configured as a linear 
array15, phased array72 or curvilinear array73, together with laser fibre 
bundles. The primary diagnostic sites for the handheld system include 
the skin40, thyroid74, breasts75 and limbs76. One advantage is that infor-
mation from conventional USI analyses (for example, organ shape, 
size and stiffness) can incorporate information from supplementary 
photoacoustic analyses (for example, vascular network, angiogenesis, 
oxygenation and metabolism) to improve clinical outcomes76,77. In endo-
scopic implementation, endocavity USTRs, such as a transrectal array 
or transvaginal array, along with miniaturized laser fibre bundles78,79, 
are typically inserted and used for diagnoses in internal organs. PAUS 
endoscopic imaging also uses the findings of complementary PAI analy-
ses provided with the conventional USI analyses to comprehensively 
diagnose  vaginal and rectal diseases in a wide trapezoidal field of view.

Station-based tomographic PAI
Photoacoustic waves generated inside the human body by laser irra-
diation generally propagate omnidirectionally. Thus, hemispherical- 
array80 and/or ring-shaped-array81 USTRs, which have larger detec-
tion apertures than linear arrays or curved arrays, are particularly 
well suited for detecting omnidirectional photoacoustic waves and 
can greatly improve the quality of photoacoustic images. These USTR 
geometries are typically found in station-based tomographic PAI sys-
tems (Fig. 2b). In a human experimental setup, the USTR is typically 
positioned beneath the imaging table and integrated with an ultrasound 
data acquisition device and a pulsed laser source62. A motorized stage 
moves the USTR to obtain large ROI photoacoustic images, enhanc-
ing the clinical applicability and diagnostic potential of the system57. 
Most advantageously, station-based tomographic PAI provides a deep 
penetration depth in humans (<5 cm)82. The major diagnostic target 
regions of this type of PAI system include the brain83, breast84 and limb62.

Mesoscopic and microscopic PAI
Mesoscopic and microscopic PAI is implemented in combination with 
high-frequency single-element USTR under dark-field diffusive or 
loosely focused optical illumination. High-frequency single-element 

Table 1 | Comparison of five medical imaging modalities

Modality Structural Molecular Functional Specialized space Ionizing 
radiation

Imaging depth 
(in humans)

Spatial 
resolution 
(per depth)

Imaging time

Magnetic resonance 
imaging

High High High High (magnetic field safety) Low or none Whole body Medium Low or none

Computed tomography High Low or none Low or none High (radiation safety) High Whole body High High (real time)

Positron emission 
tomography

High High High High (radiation safety) High Whole body Low or none Low or none

Ultrasound imaging High Medium High Low or none Low or none >10 cm (ref. 243) High High (real time)

Photoacoustic imaging High High High Medium (laser safety) Low or none <5 cm (ref. 82) High High (real time)
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USTRs form spherical foci with high acoustic numerical apertures and 
can acquire photoacoustic images with spatial resolutions of tens of 
microns, which is difficult to achieve with typical array-type USTRs. 
The mesoscopic and microscopic PAI system is held by an articulated 

arm for flexible positioning on the ROI and obtains 3D photoacoustic 
images through point-by-point raster scanning via a motorized scanner. 
Mesoscopic and microscopic PAI is particularly effective in diagnosing 
skin diseases such as skin cancer85 or psoriasis86,87.
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Fig. 1 | Overview of PAI. a, In photoacoustic imaging (PAI), short-pulsed light 
directly irradiates biological tissue. Depending on its wavelength, the light 
is absorbed to varying degrees by endogenous chromophores (for example, 
DNA, RNA, haemoglobin, melanin, collagen and lipids) or by FDA-approved 
exogenous contrast agents (for example, indocyanine green and methylene 
blue). Absorption of each light pulse results in a rapid localized temperature 
increase, which leads to thermal expansion and generation of an ultrasound 
wave (photoacoustic wave). Photoacoustic waves convey information about 
the optical absorption properties of the tissue. An ultrasound transducer 
(USTR) detects the photoacoustic signals, which undergo signal processing, 

image reconstruction and image processing procedures to generate  
a cross-sectional 2D and/or 3D photoacoustic image display. b, As the  
optical absorption coefficient of each target is wavelength dependent,  
the photoacoustic contrast is spectrally determined by the excitation light. 
PAI in the ultraviolet (UV) region can be used to image DNA, RNA and proteins, 
for example. PAI in the visible to near-infrared I (NIR-I) wavelength can image 
exogenous contrast agents and haemoglobin and can therefore be used to 
provide information on angiogenesis, blood oxygenation saturation, vascular 
morphology and molecular concentration. PAI in the NIR-II wavelength can be 
used to visualize collagen and lipids.
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Pilot and clinical studies
In this Review, we consider pilot and clinical studies of PAI in 
patients with specific diseases (Supplementary Table 1). Exploratory  
studies with healthy volunteers or ex vivo tissues are excluded. We 
define a clinical study as a study that establishes the number of indi-
viduals in the study design through power and alpha values to achieve 
clinical significance. Studies with large numbers of patients and healthy 
volunteers are also classified as clinical studies if they have notable clini-
cal findings (for example, improved diagnostic sensitivity or improved 
diagnostic specificity). Otherwise, the approaches are considered 
pilot studies. Further potential clinical applications of PAI are also 
highlighted (Box 1).

Integumentary system
The skin is a model organ for several optical imaging modalities (for 
example, optical coherence tomography88, reflectance confocal 
microscopy89 and multiphoton microscopy90) as it covers the out-
side of the body and is easily penetrated by light. Optical coherence 
tomography is especially suited to non-contact and real-time imaging 
of multiple clinical problems, including burns and grafts. However, the 
limited optical penetration depth of these optical modalities cannot 
provide information from >2 mm deep88. High-frequency USI is often 
used to monitor deeper penetration depths but its ultrasonic contrast 
and diagnosis specificity are limited91. On the other hand, PAI can read-
ily and non-invasively obtain deeper information and volumetric skin 
information.

Melanoma, a cutaneous malignancy with a distinct melanin 
contrast, is a compelling application for PAI92–95. Surgical interven-
tion remains the primary treatment to mitigate or eliminate cancer 
recurrence and metastasis96. The Breslow depth, a parameter indi-
cating the depth of a melanoma, helps determine the needed extent 
of excision. Minimizing the depth and extent of excision improves 
post-surgical quality of life; therefore, non-invasive determination of 
the Breslow depth is important. PAI can detect dermal and epidermal 
melanoma in vivo and can evaluate Breslow depth. In one pilot study 
of melanomas with Breslow depths of 0.32–8.00 mm, 3D multispec-
tral PAI yielded a mean error of 0.36 mm when spectrally unmixed 
photoacoustic-determined depths were matched with histopathologi-
cal depths40 (Fig. 3a1). PAI has also measured the length, width and depth 
of other skin tumours (acanthotic seborrhoeic keratosis and basal  
cell carcinoma)93. Another pilot study using mesoscopic PAI demon-
strated differences in various vessel biomarkers between malignant 
melanoma and benign nevi: total blood volume (malignant 5.94%  
versus benign 23.62%), vessel density (0.017 arbitrary units (a.u.) versus 
0.01 a.u.), average vessel length (260.39 μm versus 139.60 μm), tortuos-
ity (0.27 a.u. versus 0.47 a.u.), fractal number (1.12 a.u. versus 1.26 a.u.) 
and lacunarity (0.088 a.u. versus 0.170 a.u.)85.

Psoriasis, a chronic inflammatory skin disorder, is typically 
assessed using the Psoriasis Area and Severity Index97,98; however, it is 
subjective and does not evaluate subsurface characteristics in psoriatic 
inflammation or disease progression99–102. Therefore, in many cases, 
psoriasis diagnosis is confirmed by biopsy. Mesoscopic PAI reveals the 
relationship between the subsurface image features (for example, skin 
morphology and vascular patterns) of psoriasis and other dermato-
logical conditions and the pathophysiological metrics of the disease86. 
Measured mean epidermal thickness in photoacoustic and histological 
images is strongly correlated with disease severity in patients with psori-
asis. No definitive treatment exists for psoriasis but new treatments for 
managing the disease and suppressing symptoms have been presented. 

Mesoscopic PAI, with a spatial resolution of <10 μm, monitors treatment  
efficacy by label-free extraction of several clinical biomarkers: mean 
capillary loop length (MCLL), mean capillary loop diameter and  
mean subepidermal vascular plexus width (MPW)87 (Fig. 3a2). These 
skin features are directly related to the microvasculature, which is 
prominently affected by inflammation, and elongation of the capillary 
loops is a well-known marker of psoriatic skin in histological assess-
ment. For 19 patients receiving conventional and biologic treatments 
for psoriasis, PAI revealed notable improvement over the course of 
treatment in the biomarkers (especially MCLL and MPW) extracted 
from 3D images87. MCLL and MPW were also correlated with the Der-
matology Life Quality Index in a subset of patients. Furthermore, deep 
learning shows the potential to segment epidermis and dermal vessels, 
and these findings indicate that psoriasis severity and progression can 
be characterized using biomarkers extracted from 3D images, including 
epidermis thickness, blood volume, vessel length, vessel diameter and 
vessel bifurcations103. PAI has also been used to investigate other skin 
diseases, including system sclerosis104–106, Raynaud phenomenon107, 
atopic dermatitis108–112 and allergic skin reactions113.

Musculoskeletal system
PAI has many clinical applications related to bone assessment, encom-
passing bone cancer, joint pathologies, spinal disorders, osteoporosis 
and surgical guidance for bone-related procedures114. PAI can charac-
terize bone through temperature measurement, spectral parameters, 
guided wave analysis and spectroscopy115–118. It is especially effective in 
visualizing and identifying anatomical features such as the proximal 
interphalangeal joint, the distal interphalangeal joint, the phalanges 
and tendons119–127.

Rheumatoid arthritis can be diagnosed with X-rays, MRI and USI. 
X-rays can confirm structural changes in joints, showing inflammation, 
damage to joint cartilage and bone, or changes in joint spaces. MRI 
provides detailed images of joints and surrounding tissues to deter-
mine the degree and location of inflammation. USI does not accurately 
provide detailed bone and joint information as provided by X-rays or 
MRI but is gaining importance in rheumatoid arthritis evaluation owing 
to its low cost and ease of use. Nevertheless, additional clinical features 
are needed to improve the accuracy of rheumatoid arthritis assessment 
by USI. Synovial hypoxia is a hallmark of the inflammatory response  
in rheumatoid arthritis128. One clinical study classified 118 patients with 
rheumatoid arthritis and 15 healthy volunteers into hyperoxic, inter-
mediate and hypoxic groups (NCT04297475)129. Among participants 
with rheumatoid arthritis, the wrist synovium was categorized as being 
hyperoxic in 36 individuals, of intermediate oxygenation in 48 individu-
als and hypoxic in 34 individuals. By contrast, all 15 healthy controls had 
hyperoxic synovial tissues. In participants with rheumatoid arthritis, 
those with hypoxic synovium exhibited higher mean disease activity 
scores than individuals with intermediate oxygenation, including the 
28-joint Disease Activity Score (5.3 a.u. versus 3.6 a.u.) and the Clinical 
Disease Activity Index (26.0 a.u. versus 11.0 a.u.).

PAI provides excellent images of soft tissue in the immediate vicin-
ity of bones and joints, especially muscles and could therefore be 
useful for characterizing muscle tissue in neuromuscular disease. PAI 
has already been shown to visualize the fibro-fatty degeneration of 
muscle tissue in primary and congenital diseases such as Duchenne 
muscular dystrophy (DMD) (NCT03490214)44. DMD is the predominant 
lethally inherited X-chromosomal muscular disease, characterized by 
cascades of inflammation and subsequent fatty and fibrotic transfor-
mations. MRI has shown potential as a non-invasive imaging modality 
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for quantifying disease pathology and progression in DMD, but its long 
acquisition time is not suitable for young children. In addition, in the 
context of fibrosis detection, MRI is limited by the non-specific nature 
of signal alterations in T2-weighted, water-sensitive MRI images44. 
However, 2D PAI showed noteworthy differences in the mean collagen 
values of patients with DMD and those of healthy volunteers (24.7 a.u. 
versus 14.6 a.u.) but no significant differences between the two groups 
in lipid content, HbO2, HbR and total Hb (HbT). 3D PAI also showed a 
significant difference in mean collagen value between patients with 
DMD and healthy volunteers (11.4 a.u. versus 5.4 a.u.) and also showed 
significant differences between groups in HbO2, HbR and HbT (Fig. 3b).

Cardiovascular system
Cardiovascular disease includes conditions such as peripheral arte-
rial disease, ischaemic heart disease, hypertension, cardiomyopathy,  
valve disease, arrhythmia and stroke130. The examination of microcir-
culation is crucial in the assessment of peripheral vascular conditions, 
especially diabetic foot problems. However, conventional ultrasound 
Doppler imaging focuses on major arteries, limiting its ability to offer 
microvascular insights in the early stages of cardiovascular disease. 
Furthermore, the cost of both magnetic resonance angiography and 
X-ray CT angiography limits their frequent use for prognosis moni-
toring. One clinical study involving 197 participants suggested that 
photoacoustic-derived HbO2 is a strong biomarker for determining the 
three clinical stages of peripheral arterial disease: healthy volunteer, 
intermittent claudication at any walking distance (Fontaine II), and 
critical limb-threatening ischaemia with resting pain, ulcer or gangrene 
(Fontaine III/IV) (NCT04641091)131. Furthermore, the categorization 
of ankle-brachial index (ABI) measurements into four groups showed 
that HbO2 levels decreased with decreasing ABI values. In a subgroup of 
58 patients with critical limb-threatening ischaemia, ABI values were clas-
sified as plausible (<0.74) or implausible (0.75–1.3 or media sclerosis >1.3) 
based on their alignment with clinical stages and angiographic findings. 
HbO2 decreased from the plausible to implausible groups,  indicating 
that PAI detected clinical stage more precisely in this subgroup.

Another pilot study involving 12 patients with arteriovenous or 
venous vascular malformations demonstrated that PAI revealed nota-
ble distinctions between various types of vascular malformations in 
terms of the ratio of HbO2 to HbR132. Additionally, PAI facilitated the 
quantitative evaluation of therapeutic responses following procedures 
such as embolization or sclerotherapy.

Several PAI implementations have been used to visualize carotid 
artery plaques to assess the risk of ischaemic stroke133,134. As multispec-
tral PAI can resolve lipids and Hb, it can reveal plaque in the arterial 
lumen of patients with carotid atherosclerosis. Multispectral PAI was 
shown to distinguish differing fat-to-blood ratios between patients 
and healthy volunteers (P = 0.001) and between plaque and lumen in 
patients (P = 0.04)135 (Fig. 3c).

Prompt diagnosis of severe anaemia, a life-threatening condition 
encountered in various medical disciplines, is imperative for optimiz-
ing patient outcomes, but few dependable, non-invasive, point-of-care 

diagnostic tools exist at present. In a pilot study, PAI demonstrated 
exceptional efficacy in identifying patients with severe anaemia, relying 
on a robust positive correlation between the photoacoustic-derived 
HbR value and photoacoustic signals at 700 nm, concomitant with 
absolute Hb concentration136.

Lymphatic system
Accurate visualization of lymphatic vessels is vital in diagnosing and 
monitoring lymphatic diseases as well as in preoperative planning for 
lymphoedema surgery and its postoperative evaluation. One pilot study 
used ICG to obtain 3D images of both lymphatic vessels and adjacent 
venules59 (Fig. 3d1). Unlike visualization of blood vessels, the visualiza-
tion of lymphatic vessels, devoid of inherent pigmentation, can be facili-
tated by a contrast agent such as ICG. Images of the lower limbs were 
acquired using both PAI and NIR fluorescence (NIRF) imaging in 15 par-
ticipants, including a woman with a history of gynaecological cancer 
treated with hysterectomy, lymph node dissection and chemotherapy. 
PAI provided a more detailed 3D representation of the lymphatic vessels 
than did NIRF imaging, offering improved understanding of the spatial 

Box 1 | Potential clinical applications  
of photoacoustic imaging
 

Photoacoustic histopathology
Microscopic photoacoustic histopathology can be implemented 
with ultraviolet light, capitalizing on the strong photoacoustic 
signals generated from DNA and RNA. Unlike conventional optical 
microscopy, a photoacoustic histopathology system can observe 
cell membranes, cell nuclei and intracellular materials at micro 
or sub-micron scale without chemical staining (for example, 
haematoxylin & eosin staining)245. This innovative approach can 
potentially enable pathologists to promptly assess disease status, 
including intraoperatively, by circumventing the labour-intensive 
processes of tissue freezing, fixation and sectioning required for 
conventional chemical staining methods. While the seamless 
integration of conventional intraoperative histopathology is 
challenging, the efficacy of photoacoustic histopathology is being 
substantiated through the examination of specimens from human 
patients with diseases such as bone cancer242, breast cancer246, 
colon cancer42 and liver cancer42.

Radiation-induced acoustic imaging
Radiation-induced acoustic imaging, a novel technique in radiotherapy,  
utilizes the acoustic waves generated by the interaction of ionizing 
radiation with tissues. This method can uniquely monitor and 
quantify the 3D radiation dose distribution during cancer treatments, 
offering real-time, adaptive feedback that can potentially improve 
treatment efficacy247.

Fig. 2 | Various clinical PAI system configurations. a, Dual-modal photo-
acoustic and ultrasound imaging (PAUSI), based on conventional ultrasound 
imaging (USI) systems, can be categorized into a handheld type with linear-array 
ultrasound transducers (USTRs) and an endoscopic-type with endocavity array 
USTRs. Primary diagnostic sites for the handheld-type system include the skin, 
thyroid, breast and limbs; diagnostic sites for the endoscopic-type system 

include the stomach, vaginal and rectal regions. b, Station-based tomographic 
photoacoustic imaging (PAI) using hemispherical-array USTRs or ring-array USTRs.  
The primary diagnostic sites for station-based tomographic PAI include brain, 
breast and limb. c, Mesoscopic and microscopic PAI using a high-frequency single-
element USTR. The primary diagnostic site for mesoscopic and microscopic PAI 
includes skin. DAQ, data acquisition.
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relationship between lymphatic vessels and surrounding venules. By 
using multiple wavelengths, PAI could also differentiate individual 
lymphatic vessels from blood vessels, which are barely discernible on 
NIRF images, and visualized more lymphatic vessels than NIRF59. In two 
pilot studies involving patients with lymphoedema, PAI utilizing ICG 
successfully identified lymphatic vessels and veins in various regions 
and visualized their position and contractility137,138.

Lymph nodes are important in predicting the degree of cancer 
metastasis and setting treatment directions139. The metastatic condi-
tion of sentinel lymph nodes (SLNs) is the most pertinent prognostic 
factor in various cancers, including breast cancer and melanoma. 
Lymphoscintigraphic imaging with technetium (Tc99m) is the conven-
tional method of SLN detection but this imaging technique has poor 
spatial resolution, presents logistical challenges, and raises radiation 
concerns for patients and medical staff. Two clinical trials showed the 
promise of using multispectral PAI to determine the metastatic status of 
SLNs140,141; in one of these trials, 165 SLNs were excised from 83 patients, 
and the concordance rate between SLN detection using ICG-labelled 
PAI and Tc99m-marked methods was 94.6% (n = 106 of 112)142 (Fig. 3d2). 
Intraoperatively, PAI with the addition of a NIR camera identified  
159 SLNs, and a γ-probe identified 165 SLNs, resulting in a concord-
ance rate of 96.4%. PAI visualized the SLNs in most anatomic regions, 
achieving a notable penetration depth of 5 cm.

Nervous system
Spinal muscular atrophy, a neuromuscular genetic disease in which 
muscles gradually atrophy from damage to or loss of motor neuron 
genes in the spinal cord and brainstem, can be characterized by PAI 
(NCT04115475)142,143. Photoacoustic signals at 800 nm showed a nota-
ble distinction between 10 individuals with spinal muscular atrophy 
and 10 healthy volunteers (54.0 a.u. versus 58.6 a.u.), exhibiting a 
more robust correlation than conventional assessments such as the 
Hammersmith Functional Motor Scale Expanded and the Revised Upper 
Limb Module.

The brain, the central hub of the nervous system, regulates com-
plex physiological and cognitive processes and is essential to the overall 
functioning and integration of the nervous system. While blood-oxygen-
level-dependent (BOLD) functional MRI (fMRI) represents brain activity 
intensity in relative terms rather than providing a quantitative meas-
urement of brain activity, PAI offers a direct sensitivity to both HbO2 
and HbR, enabling the provision of quantitative values for brain sO2. 
The linear relationship between their distinctive spectral signatures 
enables the quantification of sO2 and cerebral blood volume. PAI shows 

remarkable brain vessel images, comparable with those from mag-
netic resonance angiography (Fig. 3e). A comparison of functional 
PAI and BOLD fMRI images from four patients who had had a hemi-
craniectomy revealed a robust spatial alignment within the same field 
of view and a substantial temporal correlation between photoacoustic 
and BOLD signals83. Importantly, the implementation of PAI enables 
identification of functional activation with better temporal resolution 
than is achievable with fMRI. Nevertheless, acoustic reverberation 
attributed to the presence of the skull introduces challenges to image 
quality, and PAI of the human brain could be constrained unless an  
incision is made.

Endocrine system
Imaging the endocrine system can provide clinical insights into the 
structure, function and pathology of the endocrine glands. Imaging 
aids the detection, localization and monitoring of abnormalities, guides 
treatment decisions, and facilitates minimally invasive interventions 
by providing precise lesion targeting144. As an example, to identify 
malignant thyroid nodules, the shape and size of thyroid nodules are 
evaluated using USI, and a biopsy is performed to determine whether 
the cells are malignant. In a clinical study of 52 patients, PAI of thy-
roid nodules classified cases of papillary thyroid cancer (PTC) and 
benign nodules (NCT04248166)47 (Fig. 3f). The sO2 level and the skew 
angle in the sO2 distribution in the nodule area, together with multipara-
metric photoacoustic analysis using support vector machines, enabled 
the classification of PTC nodules. By combining the photoacoustically 
indicated probability of PTC with the American Thyroid Association 
Guidelines, the ATAP scoring method was developed, achieving a sen-
sitivity of 100% and a specificity of 55% (a threefold higher specificity 
than conventional American Thyroid Association Guidelines). The 
sensitivity and specificity of the ATAP scoring method are compara-
ble to those of existing ultrasound elastography, indicating that PTC 
screening could be combined with multispectral PAI and ultrasound 
elastography and show synergistic benefits. Furthermore, overdiagno-
sis from fine needle aspiration, the standard treatment for diagnosing 
thyroid cancer, could be reduced.

Another pilot study used multispectral PAI to characterize 
benign and malignant thyroid disorders in 18 patients145. HbR and HbT  
PAI values were significantly higher in patients with Graves disease 
than in control tissues (HbR: 3.18 a.u. versus 2.13 a.u.; HbT: 8.34 a.u. 
versus 6.59 a.u.), while the fat content values were lower in patients 
with Graves disease than in control tissues (0.64 a.u. versus 1.69 a.u.).  
In addition, malignant thyroid nodules exhibited notably lower sO2  

Fig. 3 | Representative clinical photoacoustic imaging results for human 
functional systems. a, Integumentary system. a1, Photoacoustic and ultrasound 
(PAUS) image of a melanoma40. a2, Photoacoustic (PA) images of a healthy 
volunteer and a patient with psoriasis87. b, Musculoskeletal system: 3D PA images 
of a healthy volunteer and a patient with Duchenne muscular dystrophy (DMD)44. 
c, Cardiovascular system: PAUS images of a healthy volunteer and a patient 
with carotid atherosclerosis135. The arrow points to the region of increased total 
haemoglobin (HbT). d, Lymphatic system. d1, PA image of the lower limb of a 
75-year-old woman with secondary lymphoedema244. d2, PAUS image of a sentinel 
lymph node after indocyanine green (ICG) injection141. e, Nervous system: 3D 
maximum amplitude projection PA and magnetic resonance angiography (MRA)  
images of a volunteer after post-hemicraniectomy83. f, Endocrine system:  
PAUS images of a benign nodule and papillary thyroid cancer47. g, Gastrointestinal 
system: PAUS images of Crohn’s disease in remission and active Crohn’s disease 
(both according to Simplified Endoscopic Score for Crohn’s Disease)148. 

Arrows point to the large bowel and small intestine. h, Reproductive system.  
h1, PAUS image of prostate cancer79. h2, PAUS image of a breast tumour provided 
by an FDA-approved PAUS imaging system77. h3, 3D maximum amplitude 
projection PA images of a breast tumour81. AFS, anterior fibromuscular stroma;  
B, bladder; P, prostate; R, rectum; sO2, oxygen saturation of haemoglobin;  
STA, superficial temporal arteries; US, ultrasound; Vc, cortical vessel; Vs,  
scalp vessel. Part a1 reprinted with permission from ref. 40, Wiley. Part a2 
reprinted with permission from ref. 87, AAAS. Part b reprinted from ref. 44, 
Springer Nature Limited. Part c reprinted with permission from ref. 135, Elsevier. 
Part d1 reprinted with permission from ref. 244, Elsevier. Part d2 reprinted with 
permission from ref. 141, JAMA. Part e reprinted from ref. 83, Springer Nature 
Limited. Part f reprinted with permission from ref. 47, AACR. Part g reprinted with 
permission from ref. 148, New England Journal of Medicine. Part h1 reprinted  
with permission from ref. 79, AAAS. Part h2 reprinted with permission from 
ref. 77, Elsevier. Part h3 reprinted from ref. 81, Springer Nature Limited.
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(55.4% versus 60.8%) and lower fat content (0.62 a.u. versus 1.46 a.u.) 
than did benign nodules.

Diabetes mellitus is a complex metabolic disorder with a rising 
global incidence. Diabetes mellitus affects both the macrovascula-
ture and microvasculature across multiple organs, encompassing 
the heart, brain, lower limbs, retinas, peripheral nerves, kidneys and 
skin. Attempts are being made to use PAI to diagnose and monitor 
the progress of diabetes by measuring peripheral vascular changes 
and/or microvascular changes in the skin. One clinical study involving 
103 patients with diabetes and 48 healthy volunteers determined diabe-
tes status from six photoacoustic biomarkers of the skin: small vessel 
number (3.45 a.u. in patients with diabetes versus 9.78 a.u. in healthy 
volunteers), large vessel number (13.39 a.u. versus 20.34 a.u.), total 
vessel number (16.87 a.u. versus 30.12 a.u.), total blood volume (1.58% 
versus 4.21%) and epidermal thickness (105.27 μm versus 81.03 μm)146. 
These five biomarkers were also significant in patients with diabetic 
neuropathy and atherosclerosis, indicating the clinical scalability of 
this method. Another study used deep learning to identify the 32 most 
relevant photoacoustic dermal features of diabetes and predict the 
presence of diabetes through a microangiopathy score147.

Gastrointestinal system
Crohn’s disease is a chronic inflammatory bowel disorder that affects 
the entire gastrointestinal tract. Besides clinical parameters, refer-
ence standard imaging modalities to assess inflammation include 
endoscopy with subsequent biopsy sampling, CT enterography 
(CTE), and magnetic resonance enterography (MRE). Endoscopy is 
invasive, time-consuming, has the potential for complications and 
is not suitable for frequent monitoring. CTE and MRE are commonly 
used non-invasive methods but involve drinking 1 l of liquid with an oral 
contrast agent. CTE provides quick results but exposes the patient to 
ionizing radiation; MRE is radiation-free but requires a longer exami-
nation time and additional use of antiperistalsis agents. By contrast, 
PAI can rapidly and non-invasively determine the presence of inflam-
matory activity in Crohn’s disease. In a clinical study of 108 patients, 
a transabdominal PAI system evaluated the degree of intestinal inflam-
mation (NCT02622139)148 (Fig. 3g). The distributions of multispectral 
photoacoustic analyses were compared between patients with active 
Crohn’s disease and those with non-active disease, alongside other 
clinical measures, including clinical scoring (Harvey–Bradshaw index), 
endoscopic scoring (Simplified Endoscopic Score for Crohn’s Disease) 
and histological scoring (modified Riley score). Using endoscopic 
scoring as the reference standard, photoacoustic signals at 900 nm 
exhibited the highest sensitivity (100.0%) and specificity (77.8%), with 
an AUC of 0.92. HbT showed a sensitivity of 100.0%, a specificity of 77.8% 
and an AUC of 0.91. Comparatively, other assessments, such as the 
Harvey–Bradshaw index (AUC 0.57), C-reactive protein (AUC 0.79) or 
ultrasound Limberg score (AUC 0.77), demonstrated lower diagnostic 
performance levels. Similar trends were observed in histological com-
parisons of the different groups. Based on these results, PAI-derived 
measurement of Hb levels in the intestinal wall holds potential as a 
non-invasive procedure for differentiating between active disease 
and remission in patients with Crohn’s disease, potentially reducing 
invasive procedures.

The same group also studied 44 patients with ulcerative colitis,  
a chronic inflammatory condition of the gastrointestinal tract requir-
ing lifelong clinical and endoscopic reassessment of inflammatory 
activity (NCT02622139)149. Patients with endoscopically and clinically 
confirmed active ulcerative colitis demonstrated significantly higher 

photoacoustic signals than patients in a state of remission at 760 nm 
(60.53 a.u. versus 49.74 a.u.) and 800 nm (54.57 a.u. versus 45.87 a.u.). 
Multispectral photoacoustic values, such as HbR and HbT, also showed 
stronger signal levels in patients with active ulcerative colitis. The 
Riley score was 4.22 in patients in remission versus 8.56 in patients 
with active ulcerative colitis. In short, PAI can diagnose disease activ-
ity in ulcerative colitis by quantitative assessment using multispectral 
analysis. Patients with chronic intestinal inflammation often have low 
food intake and low body weight, making them a suitable patient group 
for PAI assessments. PAI is not always realistically feasible in patients 
with a higher body weight and thus a higher required penetration 
depth, and the errors can increase. PAI might therefore also be useful 
in children and young people, and a study with 23 paediatric patients 
with inflammatory bowel disease also showed increased Hb signals in 
inflamed areas of the intestine150.

A multicentre study (NCT04456400) aims to confirm these first 
encouraging results. Final results have not yet been published; how-
ever, the data may not provide such clear trends. To replace endos-
copy, a high degree of certainty in detecting even minor inflammatory 
activity is needed. Development of a clinical-grade imaging system 
that provides sufficient stability across the heterogeneity of different 
centres and users is challenging.

Reproductive system
Transrectal ultrasound (TRUS)-guided prostate biopsy is a standard 
method that sometimes results in under-detection or over-detection 
of cancers; elastography or angiography are needed to classify  cancers  
as malignant or benign and to improve sensitivity and specificity. 
MRI-guided TRUS fusion biopsy and molecular imaging, such as 
hyperpolarized 13C MRI and PET, provide more accurate biopsies and 
better assessment of the prognosis for treatment than TRUS-guided 
biopsy alone. However, MRI and PET are limited by their requirement 
of frequent screening or real-time biopsy. Alternatively, integration of  
an endoscopic PAI system with TRUS to guide prostate biopsy has 
been proposed79. In a pilot study, a transrectal USTR, combined with 
a laser fibre, captured simultaneous transrectal PAUS images from 
20 patients with prostate cancer. Transrectal PAUSI successfully iden-
tified malignant prostate regions using anatomical ultrasound images 
and Hb-based or ICG-based photoacoustic images79. Label-free PAI 
visualized the vascular distribution in the prostate and surround-
ing tissues, while ICG-aided PAI provided contrast-enhanced photo-
acoustic images within the prostate. Multiwavelength PAUS results 
were confirmed by simultaneous PET–MRI and subsequent targeted 
biopsy results, suggesting that transrectal PAUS might compensate for 
the shortcomings of PET–MRI. Despite the small number of patients, 
this study demonstrated the ability of an endoscopic PAI system to 
identify prostate cancers (Fig. 3h1). Another approach integrated 
the optical components of a photoacoustic sensing probe directly 
into a needle, and showed that it might be possible to distinguish 
between healthy and diseased prostate tissue151. Further study would 
need to show the additional benefit of PAI in minimizing false nega-
tive findings and show that it does not lead to overtreatment in this 
population. The lack of tailored PAUSI studies for the prostate to 
date is due to the relatively high invasiveness of the technique and 
higher regulatory requirements compared with other transabdominal 
imaging approaches. The incentive for companies to invest in this 
very specific, narrow application — with many competing ultrasound 
modalities — might not be high enough at present owing to the sparse 
data available.
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Breast imaging is one of the most prominent PAI research topics, 
possibly partly because breast tissue has good properties for optical 
imaging152. Although the first advances occurred more than 25 years 
ago, the technique has disappointingly not yet become established in  
routine practice. The main application for PAI was initially sought 
in a screening setting, especially because conventional imaging 
modalities, such as X-ray mammography and USI, can lack optimal 
sensitivity and specificity153. A clinical study of 1,690 patients with 
1,757 masses demonstrated that PAUSI, a potentially superior clini-
cal alternative, can help diagnose cancer with high sensitivity (96%) 
and specificity (43%), resulting in a 14.9% increase in sensitivity and 
2.6% decrease in specificity compared to grey-scale USI alone. PAUS 
images in breast cancer produce grey-scale ultrasound images of 
breast morphology, while photoacoustic functional parameters of 
HbT and sO2 highlight the tumour75 (Fig. 3h2). Co-registered func-
tional and anatomical 2D PAUS images can increase the accuracy of 
the radiological assessment of malignancy scored according to the 
Breast Imaging Reporting And Data System (BI-RADS). The negative 
likelihood ratio of 0.094 for the PAUS images indicates that a nega-
tive examination can reduce a maximum ultrasound-assigned pretest 
probability of 17.8% (low BI-RADS 4B) to a post-test probability of 2% 
(BI-RADS 3). PAUSI has thus demonstrated its ability to reduce the 
number of false-positive examinations and biopsies of benign masses in  
breast imaging.

In addition to the dual-modality PAUSI system, a station-based 
PAI system specific to breast cancer has been developed81,154,155. This 
station-based PAI system using a photoacoustic-optimized USTR pro-
vides a detailed 3D photoacoustic image of the angiographic structures 
of tumours with high spatiotemporal resolution and superior penetra-
tion depth (~4 cm) (Fig. 3h3). One pilot study used blood vessel densi-
ties quantified by photoacoustic images to identify breast tumours 
from eight patients using receiver operating characteristic curves 
(average sensitivity 87% and specificity 85.9%). The mean of the aver-
age vessel density ratios of the six malignant tumours was 1.4 times 
higher than that of the two benign tumours81. These results suggest 
that diagnosis by non-ionizing PAI has advantages over conventional 
mammography, providing better sensitivity in radiation-dense breasts 
while being more readily clinically available. Unlike mammography, 
PAI does not require compression of the patient’s breast. In addition, 
unlike MRI, PAI maps Hb contrast without labels, so information similar 
to that provided by contrast-enhanced MRI can be obtained at higher 
spatial resolution and faster imaging speeds — attributes that are 
advantageous for frequent monitoring.

To demonstrate superiority in a high-throughput application, 
such as a population-wide screening programme, enormous study 
populations and investments are required. Whether PAI is sensitive 
enough to detect vascular changes in the early stages of tumour devel-
opment must be questioned as should whether detection of neoan-
giogenesis is a proper biomarker or biological process for a screening 
scenario. In addition to the pure proliferation of tumour cells, genetic 
changes and other subcellular processes play a role early in tumour 
evolution156 and currently elude detection by PAI.

More than half a dozen different imaging systems exist in the 
context of PAI breast imaging65,77,81,157–161, but very few have developed 
into a commercial system available on the market. The heterogene-
ity of the developed PAI technologies and the data produced means 
that cross-platform comparisons cannot currently be made. Compar-
ing these data in meta-analyses will be necessary to provide further 
 evidence for widespread clinical use.

Challenges of clinical translation
The ability of PAI to probe diverse symptomatic manifestations in deep 
tissue suggests novel avenues in precision medicine. To overcome the 
obstacles impeding its clinical application, such as low trial approval 
rates in clinical trials and the lack of high-impact, transformative find-
ings, studies that have encountered limitations should be reassessed. For 
example, a study showing how PAI could be useful in visualizing fibro- 
fatty degeneration of muscle tissue in DMD44 illustrates ambiguities in 
PAI interpretation: the 2D and 3D photoacoustic analyses are discrepant. 
In another pilot study investigating the use of PAI detection of lymph 
node metastases in patients with oral cancer162, ex vivo assessments 
indicate a marked increase in the concentrations of EGFR-targeted 
contrast agents in malignant cases but, in vivo, the mismatch of imaging 
positions between the scans before and after injection of contrast agent 
meant that it was difficult to delineate such differences (NCT03757507, 
NCT03134846). In the imaging of thyroid nodules, where PAI has dem-
onstrated exceptional efficacy, a 2023 study163 (NCT04730726) reported 
an absence of statistically significant disparities between malignant 
and benign nodules based on PAI multi-parameters, such as HbO2,  
HbR and sO2, in contrast to earlier findings. In this section, we discuss the 
root causes of the above failures, pinpointing the technical limitations 
inherent in PAI, and exploring the industrial and ethical challenges of 
integration of PAI into clinical practice.

Technical challenges
Major technical challenges in PAI arise from optical excitation and 
acoustic detection. Light at optical wavelengths has limited imaging 
depth in tissue and creates many uncertainties.

First, the maximum light penetration depth is greatly limited by 
strong light scattering in biological tissue. However, optical illumina-
tion with a long wavelength, averaged over multiple frames, can increase  
the penetration depth. For example, for the same surface irradiated 
with a laser fluence proportional to the maximum allowable exposure, 
1,064 nm light (NIR-II) penetrates more deeply (<6 cm) than light in 
the range 740–800 nm (NIR-I)164. In addition, multi-angle illumination 
can improve image quality over fixed angle by improving the imaging 
depth, SNR and contrast-to-noise ratio165. Moreover, by switching 
wavelengths quickly (within 20 ms), fast-sweep PAUSI can acquire 
multiple frames of multiwavelength photoacoustic images at once in 
a single ultrasound image. This capability improves the SNR and imag-
ing depth by applying real-time motion compensation and averaging 
across multiple frames54.

Second, because light distribution in tissues is heterogeneous, it 
is difficult to satisfactorily compensate for the light fluence in tissues 
and achieve accurate measures of functional parameters (for example, 
HbO2, HbR and sO2). This long-standing problem has spurred studies 
to overcome it. For example, differences in microvessel brightness 
owing to optical attenuation of the tissue can be compensated for by 
using background-level brightness77. In addition, eigenspectral PAI has 
improved the accuracy of spectral analysis by modelling the spectral 
pattern of the optical fluence166. Monte Carlo simulation can also be 
employed for fluence compensation167. More recently, a fast-sweep 
beam has demonstrated real-time wavelength-dependent fluence 
compensation54.

Achieving high-sensitivity acoustic detection, utilizing larger aper-
tures and encompassing a broad bandwidth are crucial to visualizing 
deep tissue structures and providing valuable information about tissue 
properties and biomarkers. Fundamentally, PAI is highly dependent on 
the performance of the USTR.
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PAI image quality is affected by limited-view artefacts induced by 
features of the USTR such as the aperture shape or arrangement, num-
ber of elements, and directional sensitivity. Limited-view artefacts are 
caused by the limited aperture of USTR, where only a portion of photoa-
coustic signals spreading omnidirectionally from the target is detected, 
and the complete structure of the target cannot be reconstructed 
back to the image, resulting in image distortion. A linear-array USTR 
can detect photoacoustic signals from deep tissue in only a narrow 
angle of view; arc-shaped, ring-shaped and hemisphere-shaped array 
USTRs are more effective for PAI because they can detect photoacoustic 
signals over a wide angle of view36. Linear-array USTRs are employed 
in various conventional USI applications but arc-shaped, ring-shaped 
and hemisphere-shaped array USTRs are seldom used in USI. Achiev-
ing simultaneous high-quality ultrasound and photoacoustic images 
in the framework of PAUSI is therefore challenging.

Piezoelectric-based USTRs, widely employed in conventional USI, 
have limited sensitivity and bandwidth. PAI benefits from broadband 
USTRs that can detect diverse frequency information. In most cases, 
a high-frequency component occurs in relatively thin and point-like 
targets such as blood vessels and a low-frequency component occurs 
in large targets such as organs168,169. However, a bandwidth-limited 
USTR selectively detects the photoacoustic signals based on its speci-
fications168, which raises the question of whether a photoacoustic 
signal obtained through a USTR can be representative enough to 
perform quantification such as spectral unmixing. As an alternative, 
USTRs based on micro-electromechanical systems, such as capacitive 
micromachined USTR (cMUT) and piezoelectric micromachined USTR, 
have emerged170,171. Relative to piezoelectric-based USTR, cMUT gener-
ally provides a broader bandwidth and piezoelectric micromachined 
USTR exhibits better sensitivity172. cMUT has been introduced as a 
commercial product, and research efforts are under way to explore 
its application in PAI173.

The optical opacity of conventional USTRs hinders laser light deliv-
ery, even blocking light entirely. Ring-shaped USTRs have been actively 
applied in PAI to enable the passage of laser light, but these designs 
compromise acoustic sensitivity and focusing ability. To address these 
limitations, optically transparent USTRs have been introduced, facili-
tating direct passage of excitation light174–176. Moreover, to tackle the 
ongoing issue of limited sensitivity and bandwidth of USTRs, an optical 
sensing technology with an inherently ultra-wide frequency sens-
ing range has been implemented. A Fabry–Pérot interferometer177,178,  
a micro-ring resonator179,180 and a Bragg grating181,182 often surpass the 
frequency bandwidth of traditional piezoelectric devices, offering 
the potential for developing compact, transparent USTRs. Further-
more, non-contact and non-interferometric methods, such as photo-
acoustic remote sensing, overcome the need for physical contact with 
the sample to detect the signal. This non-contact technique has the 
potential to greatly contribute to the diversity of PAI applications, and 
ultraviolet wavelength-based photoacoustic histopathology has been 
studied183,184. Nonetheless, the clinical adoption of optical detection 
technology for PAUSI could still be constrained as conventional USI 
commonly relies on piezoelectric-based USTRs.

Industrial challenges
The clinical translation of PAI will require concurrent industrial transla-
tion. To achieve widespread adoption, the costs of PAI must be carefully 
considered. Commercial PAUSI is an expensive system affordable by only 
a few medical centres. A pulsed laser diode185 and a light-emitting diode 
(LED)186 have been highlighted as useful photo acoustic laser sources 

owing to their cost-effectiveness, compact size and high pulse-repetition 
frequency. Systems can also benefit from economies of scale — both laser 
diode-based and LED-based systems will likely benefit from develop-
ments in the semiconductor industries where manufacturing volume 
drives cost reduction and competition increases energy output187,188. 
Similarly, systems with higher-power lasers will benefit from economies 
of scale enabling volume manufacturing to drive cost reduction. As 
point-of-care ultrasound and ultrasound market competition increases, 
the cost of systems with integrated ultrasound will likely reduce189.

Ensuring reliability and cost benefit in clinical use is key to PAI 
being adopted clinically. Cost–benefit information can be shown in 
controlled clinical trials but reliability in daily clinical use requires 
considerable product engineering. For example, ultrasound systems 
have an expected lifetime of up to 9 years and users will probably expect 
similar lifetimes of PAI equipment even with the added complexity of 
the laser equipment. Servicing optical components in the field can 
also be challenging owing to factors such as the sensitivity of optics 
to dust and contamination, exposure of the clinical environment to 
higher energy laser output, and the need for specialized equipment 
and technician training190.

Ethical challenges
Ethical considerations for the implementation of PAI require a multidi-
mensional perspective. Firstly, although high ethical standards might 
imply patient safety in the context of PAI usage, this consideration alone 
is not enough. In contrast to new pharmaceuticals, medical devices 
have different approaches to research and development, assessment 
of safety and effectiveness, how the innovation process is integrated 
into clinical practice in collaboration between physicians and industry 
in the light of potential conflicts of interest, and how patient groups 
and other stakeholders are involved191. Following the submission of 
new drug applications to regulatory authorities, new drug candidates 
typically undergo a number of clinical phases (phases 0–IV) to obtain 
regulatory approval and final marketing authorization. By contrast, 
the process for medical devices is primarily based on their individual 
risk profile and invasiveness and does not go through comparable 
phases. In this context, technologies that are considered low risk may 
be approved with limited or even without further clinical data, which 
explains why an early interface between research and development 
and clinical users is essential to minimize risks and make subsequent 
regulatory processes as effective and streamlined as possible.

Such considerations of co-development — with a special regard 
to PAI — were formulated with the appearance of the first breast imag-
ing systems in 2009. Van der Burg highlighted that although PAI was 
initially developed by the innovative power of engineers to answer 
their most urgent scientific questions (and to be most successful  
in their grant applications), a broader range of stakeholders may drive 
its development in the future192. The transfer of intellectual property 
to companies aiming to capitalize on PAI instruments may further 
increase the availability of PAI to a greater number of patients, which 
would lead to PAI being used in clinical applications far beyond those 
originally envisaged. All stakeholders will then have to decide which 
(clinical) path to prioritize against the background of limited resources. 
It remains to be seen whether a specific technological concept or 
application will bring individual clinical benefits to patients, enable a 
sustainable business model or, more philosophically, bring benefits 
to society as a whole.

Apart from this holistic perspective, many concrete ethical prob-
lems exist. Several authors have already addressed the question of the 
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influence of skin colour or melanin content on the accuracy of a PAI 
measurement193–196. This point raises key questions: will the technol-
ogy be equally accessible to all patients in the future? Which criteria 
influence the quality of a measurement and therefore the precision of 
a diagnosis? Should clinical studies include these questions as central 
issues? A second problem relates to a recurring aspect in medical 
device development: particularly vulnerable patient groups or those 
with complex disease, including children, adolescents or pregnant 
women, are often left out during medical device development for 
financial reasons. Currently, this is also true for PAI, and research and 
development are therefore underrepresented in these areas. Another 
point relates to the possible information content of PAI. Comparing 
PAI with a conventional ultrasound image, as described above, can 
offer the physician completely different layers of information. For 
example, PAI can detect hormonal cycle-related differences in breast 
tissue197. Whether such information is clinically useful is unclear, but 
it might have an influence (positive or negative) on patients. What 
if such measurements could predict the likelihood of getting preg-
nant? Or the risk of breast cancer? Owing to the level of develop-
ment and maturity of the PAI systems, how valid such information 
might become is difficult to predict, but a clear framework for future 
developments is required, including the individual preferences of 
society, patient groups and other stakeholders. How do they view 
the advantages and disadvantages? What are their preferences com-
pared with existing procedures? A need exists to involve interest 
groups and support the development jointly, which is why it seems 
almost logical that ethical aspects should be considered for future  
PAI development.

Clinical translation beyond the research setting
Standardization
The wide range of example applications of PAI shows its potential to aid 
clinical decision-making38,198–200. A community-led initiative resulted 
in the foundation of the International Photoacoustic Standardization 
Consortium201 (IPASC) in 2019. The mission of IPASC is to reach consen-
sus on major topics in PAI standardization, to improve the quality of 
preclinical studies and to accelerate efforts toward clinical translation. 
By establishing standards, IPASC aims to facilitate the open access, 
use and exchange of data between different groups to enhance the 
reproducibility of research. IPASC unites researchers, device develop-
ers and government regulators from over 20 countries with more than 
130 academic and 30 industrial members.

In 2023, IPASC published findings from a roadmapping exercise 
that outlines current barriers to the clinical translation of PAI and 
discusses paths towards its future adoption202. One key challenge is 
that PAI is not a uniform technology, and different manufacturers 
and research groups have developed diverse hardware and software 
setups as well as different analytical approaches. PAI systems therefore 
present a broad range of maturities (‘technology readiness levels’), 
which vary from conceptual ideas or initial proof-of-concept studies 
to officially cleared (CE certified or FDA approved) devices. This variety 
explains why the outputs and biomarkers of PAI are neither uniform 
nor standardized, making results difficult to compare. However, to 
fully translate PAI to the clinic, image readouts must be consistent 
and broadly comparable. This problem has been recognized by the 
scientific community, and the need for sustainable pathways to clinical 
translation has been intensively discussed203–205.

In their roadmapping workshop202, the IPASC identified four the-
matic areas for future IPASC activity to address major barriers to the 

clinical translation of PAI: data management, standards development, 
test objects and methods, and clinical adoption (Box 2 and Table 2).

The PAI community is in a relatively early stage of standardization. 
From 2018 onwards, IPASC members have gathered information on the 
technical specifications of PAI systems and produced a consensus docu-
ment for photoacoustic data and device parameters206,207. Identifying 
a lack of uniformity in PAI data formats, the ‘data management theme’ 
then established a data format with a defined consensus metadata 
structure together with an open-source software application program-
ming interface to enable conversion from proprietary file formats to 
the IPASC format207. If broadly adopted by the community, the IPASC 
data format could overcome the lack of inter-user data exchange and 
comparison, which are urgently needed to create comparability across 
different sites and to enable multicentre clinical trials. These efforts 
also contributed to the integration of PAI into the Digital Imaging and 
Communications in Medicine (DICOM) data format, which will be 
discussed. The next step is building a library of open-source image 
reconstruction algorithms, compatible with the IPASC data format, that 
will enable the performance of different reconstruction algorithms to 
be evaluated under numerous conditions to identify their respective 
strengths and weaknesses. Such a library is expected to be of growing 
importance with the increasing use of artificial intelligence in PAI data 

Box 2 | Themes of the International 
Photoacoustic Standardization 
Consortium
 

Data management
The data management theme has defined a standard data format 
and is working towards a sustainable data base for high-quality 
annotated open-access photoacoustic measurements for education, 
training and methodological validation.

Standards development
The standards development theme aims to define potential device 
applications and to design requirements for standardization, along 
with critical image quality characteristics and quantitative imaging 
biomarkers. It should establish an interface with, and later gain 
adoption by, existing standards organizations.

Test objects and methods
For reproducible research and instrument quality assurance 
and control, the International Photoacoustic Standardization 
Consortium test objects and methods theme has established 
consensus on ideal optical and acoustic phantom material 
properties and is working towards refining geometries. Based on 
these consensus guidelines, agreed phantom materials and test 
methods will be refined and disseminated.

Clinical adoption
To promote adoption of photoacoustic imaging (PAI) in the clinic, 
the PAI community needs to become more outward-facing 
and more comprehensively consider the needs of healthcare 
professionals. The clinical adoption theme aims to promote 
activities to engage the broader clinical community in co-creation 
to maximize future patient benefit from PAI.
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processing208–210. Software considerations need to be harmonized 
with possible device applications and design requirements to enable 
far-reaching standardization.

The ‘standards development theme’ has worked towards a con-
sensus on ‘terms and definitions’ in PAI211, which will guide further 
IPASC communications and publications. To avoid driving this process 
in isolation, this theme seeks to create an optimal connection and 
exchange with formal standards bodies. The effort will also encompass 
the development and optimization of image quality characteristics and 
definitions for quantification of imaging biomarkers.

In seeking to maximize the reproducibility of PAI results, the lack 
of suitable materials and phantoms to enable system validation pro-
cesses has been recognized; the ‘test objects and methods theme’ 
addresses this challenge. Common test objects are widely adopted in 
other imaging modalities, such as USI, to mimic tissue geometry and 
properties in order to provide images that correspond to those in living 
subjects212. Similarly, in PAI, test objects should serve three important 
functions: providing a ‘ground truth’ of realistic and reproducible data 
sets, enabling the objective evaluation of the accuracy of particular 
measurements or signals, and serving in quality assurance and quality 
control programmes213. The current limited availability of test objects, 
compounded by limited standardization, leads to problems in assess-
ing PAI sensitivity and specificity and creates unwanted uncertainty 

and potential errors214. Standardized test objects or phantoms are 
thus a keystone for the further development of PAI technologies, ena-
bling precise performance evaluation of imaging systems for research 
and development as well as clinical translation. Such test procedures 
should detect degradation in image quality before it impacts diagnostic 
capacity212. Test objects must be made of durable and stable materials, 
enabling comparable evaluations at different locations and in different 
systems at the same time215–218. Recommendations for a PAI phantom 
material have now passed IPASC consensus voting and have been pub-
lished for public consultation219; multicentre testing of a stable mate-
rial that meets these recommendations has been performed at more 
than 20 sites through the test object and methods theme. The theme 
has worked to develop traceable and standardized manufacturing 
processes to produce representative materials with defined properties 
to mimic real-world conditions216,220.

Despite these efforts, translation still seems a long way off. How-
ever, even without this standardization process, many clinical studies 
have been published. Perhaps the technical parallels to ultrasound 
(and the accompanying low risk for the patient) have lowered the 
barriers to the use of PAI by healthcare professionals and resulted 
in multicentre studies221 and studies in children and adolescents44,142 
being conducted at this early stage of PAI development. The IPASC 
clinical adoption theme is working towards implementing structured 

Table 2 | IPASC short-term and long-term missions202

Goal Short-term efforts (<2 years) Medium-term efforts (2–5 years) Long-term efforts (>5 years)

Data management roadmap

Establish a standard 
data format, develop 
an open-source 
software and data 
framework

Dissemination and consolidation of the IPASC data 
format
Development of a concept for a photoacoustic 
data base
Hardware repeatability tests to understand the 
limitations of PAI

Create a phantom test platform with varying degrees 
of complexity
Multicentre trials with standardized imaging 
protocols
Implementation of open-access annotated 
photoacoustic data base

Enrich the data base with a 
range of PAI data sources and 
multi-modal images
Establish an open-source 
platform with established 
data-processing algorithms

Standards development roadmap

Define potential 
device applications 
and requirements 
for standardization

Define scope of standardization needs and 
specific objectives
Establish a working group/committee within 
standards organizations to promote standards 
development
Build consensus on phantom requirements, critical 
image quality and performance characteristics, 
test methods, and acceptance criteria

Publish and disseminate consensus 
recommendations and test methods
Partner with standard working group to develop 
official standards through formal consensus 
building and voting processes under selected 
standard-developing organizations

Publish the first formal consensus 
standard for PAI devices
Reassess community needs and 
standardization challenges for 
future standard editions

Test objects and methods roadmap

Aid reproducibility 
of research and 
instrument quality

Consensus on suitable phantom properties and 
test methods

Setup of system-specific SOPs
Establish and distribute basic precision phantoms
Establish phantom protocol (with single-centre and 
multicentre reproducibility studies)

Universal application of 
system-specific SOPs
Establish and distribute complex 
accuracy phantoms
Commercial manufacturing

Clinical adoption roadmap

Promote clinical 
adoption

Define scope of PAI interpretation challenges
Identify routes to build consensus on data display
Establish working group to create links to clinical 
education programmes
Identify outreach needs in clinical and patient 
communities

Consensus on image data display schemes  
for common PAI biomarkers
Gather PAI device information and survey 
community on potential for a ‘core engine’
Create a diverse portfolio of educational resources 
for the clinical and patient communities
Engagement with broader outreach opportunities  
to raise the profile of PAI

Coordinate research consortium 
to obtain funding for design and 
development of a core engine
Integration of PAI concepts into 
relevant medical training

IPASC, International Photoacoustic Standardization Consortium; PAI, photoacoustic imaging; SOP, standard operating procedure.
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training programmes for medical professionals like those already 
implemented for other imaging technologies. Without the necessary 
technical background knowledge (for example, specific PAI artefacts), 
systematic application errors in clinical routines cannot be excluded. 
These efforts should involve the broader clinical community for  
maximum patient benefit.

Regulatory process
The FDA provides multiple approval paths for products, but as PAI does 
not have a predicate device, a De Novo or Premarket Approval (PMA) 
path is necessary. The Imagio Breast Imaging system (Seno Medical 
Instruments Inc.) as a PAUSI system was approved via the PMA path. 
Prior to the PMA application, feasibility222 and pilot223 studies were per-
formed with the Imagio system. For the pivotal clinical trial (PIONEER), 
2,105 women with breast masses, identified by screening or palpabil-
ity, were enrolled after meeting the inclusion criteria75. Subsequently,  
a retrospective clinical study (READER-02)224 involving 480 patients 
demonstrated the effectiveness of the Imagio system in differentiating 
between malignant and benign breast lesions; specificity at a fixed sen-
sitivity of 98% was higher with the Imagio system than with ultrasound 
alone (47.2% versus 38.2%). The PMA application for the Imagio system 
was submitted to the FDA.

The PMA application included clinical study data and bench test-
ing data based on custom phantoms, modelling and testing based on 
existing IEEE standards for ultrasound systems. The phantom study 
findings included spatial resolution, elevational resolution, uniformity, 
sensitivity, linearity, dynamic range (SNR and contrast-to-noise ratio), 
depth detection, out-of-plane optical absorption effects, sO2 varia-
tion, co-registration, precision and geometric distortion225. The FDA 
granted the PMA in January 2021, with supplemental approval in June 
2022. Additional USI mode test data were also submitted, as is usual 
for 510(k) submissions for USI systems. This data includes ultrasound 
safety and performance data for the USI part of the system, including 
acoustic output power data, measurement accuracy and diagnostic 
indications226.

Demonstrating a significant improvement to an already well- 
developed diagnostic workflow is challenging. Diagnostic breast imag-
ing generates high volumes, and radiologists have several available 
imaging modalities. As a new modality, PAI adds information to exist-
ing modalities (mammogram, ultrasound and MRI) that can appear 
confirmatory or contradictory. In the clinical workflow, radiologists 
tend to look for suspicious findings and then confirm them with biopsy.  
To improve specificity without an increase in false negatives (loss in sen-
sitivity), radiologists must be able to downgrade suspicion confidently 
with the additional information provided by PAI. A decision support 
tool (DST) for the Imagio system was developed to assist radiologists in 
image interpretation224. The DST starts with the user score ultrasound 
features (for example, peripheral zone, boundary zone, tissue shape, 
internal texture and sound transmission), photoacoustic features 
(for example, peripheral radiating vessels, boundary zone vessel, 
internal vessels, internal Hb and internal blush), and the BI-RADS data 
and inputs other clinical data (age, lesion size and depth)221. The DST 
then gives a likelihood of malignancy based on the output of artificial 
intelligence models. For regulatory purposes, the DST is considered 
part of the device.

In the European Union, regulatory approvals for medical devices 
have been granted under the Medical Device Directive but the Medical 
Device Regulation was introduced in 2021, which introduces addi-
tional regulatory requirements to manufacturers wishing to market 

in the European Union and its adoption has generated some chal-
lenges. Manufacturers can choose to submit data for approval under 
the Medical Device Directive during the transitional period, which has 
been extended to 2027 for high-risk devices and 2028 for lower-risk 
devices227.

Some PAI platforms have reached commercialization 
stage59,63,65,155,228,229. The multispectral optoacoustic tomography 
(MSOT) Acuity Echo (iThera Medical GmbH, Germany), which per-
forms linear-array USTR-based handheld clinical multiwavelength PAI, 
received the CE mark for European Conformity as a medical device in 
2021. Pending regulatory approval for specific clinical applications, 
MSOT is currently used exclusively in clinical research163,230,231. How-
ever, in a pivotal step towards commercialization, the multicentre 
international EUPHORIA study is utilizing MSOT for the diagnosis 
of inflammatory bowel disease across multiple universities and clin-
ics. Moreover, LME-01 (Luxonus Inc., Japan), a hemispherical-array 
USTR-based PAI platform, was approved for medical device use in 2022 
by Japan’s Pharmaceuticals and Medical Devices Agency. In prepara-
tion for international regulatory approval, Luxonus is conducting 
various clinical trials of LME-01 (refs. 59,232,233), including studies in 
lymphatic and reproductive systems.

The IPASC industry board has added PAI to the DICOM standard 
as a new imaging modality and, based on the need to appropriately 
present photoacoustic images to radiologists, a new information object 
definition has been introduced. DICOM is an international standard 
for medical images and related information, a format designed to 
facilitate the exchange of clinically necessary images and related data. 
As DICOM is implemented in most conventional imaging devices (for 
example, MRI, CT, PET and ultrasound), numerous DICOM images are 
in use for clinical diagnosis and treatment. Metadata in DICOM can 
capture essential parameters related to PAI processes such as patient 
data, laser settings, imaging geometries, equipment and processing 
steps. PAI-specific metadata is based on the metadata present in the 
IPASC data format, allowing translation between the two. The introduc-
tion of the DICOM standard can seamlessly address the fundamental 
problems of PAI standardization, such as data interpretation, storage 
and sharing, in a vendor-agnostic way. DICOM also forms a framework 
for communication between PAI and other imaging modalities, stor-
age systems and viewing workstations, expediting the advancement 
of clinical translation and interoperability of PAI.

The PAUSI procedure has been approved by the American Medi-
cal Association and assigned a current procedural terminology (CPT) 
category III code (0857T) for emerging technologies, effective in 2024. 
The CPT code is used to describe and report healthcare, surgical and 
diagnostic services/procedures performed by providers. Healthcare 
providers use the CPT code for purposes such as billing, reimburse-
ment, regulatory approval, data collection, research and education. 
The PAUS CPT code includes real-time image documentation and aug-
mentation analysis and/or reporting in the breast and axillary regions. 
With the assignment of CPT codes, PAI is one step closer to widespread 
clinical use, enabling clinicians, administrative staff and researchers to 
collect data to track and improve service quality and quantity.

Outlook
PAI shows remarkable capabilities in visualizing optical contrast with 
high resolution in tissues, surpassing the limitations of traditional 
optical imaging technology. PAI can visualize both morphological 
and functional features in biological tissue, penetrating deeply at the 
high spatial resolution of USI without the need for exogenous contrast 
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agents. Moreover, contrast agent-aided photoacoustic molecular imag-
ing can enhance precision medicine, offering a more accurate diagnosis 
for more effective treatment. Over the past decade, numerous pilot 
and clinical studies have shown the benefits of PAI for screening, diag-
nosing and monitoring of diseases in various human organ systems, 
prompting many engineers and medical professionals to accelerate 
their efforts toward clinical translation. Research efforts are ongo-
ing to overcome current technical and non-technical limitations and 
establish standardization and regulatory approval.

Hardware limitations of the laser and the USTR, the main compo-
nents of the PAI system, affect imaging depth and image quality, but 
laser sources, system configurations and USTRs are being developed 
to overcome technical problems. In conjunction with hardware opti-
mization and advancements, research and development are under 
way in software fields such as image processing. Diverse algorithms 
are being developed to address precise spectral unmixing, one of the 
most notable impediments to the clinical translation of PAI166. Addition-
ally, efforts are being directed towards the refinement of beamform-
ing algorithms to mitigate limited-view effects and improve spatial 
resolutions while reconstructing images from photoacoustic signals 
acquired through USTRs234. Moreover, ongoing research is dedicated 
to the exploration of image processing techniques that effectively 
suppress or eliminate various artefacts induced by motion, scanning 
errors and related factors154,235,236. Systems using laser diode or LED 
illumination can benefit from some of these algorithm developments 
to achieve better image quality at lower cost.

As artificial intelligence finds increasing application in biomedi-
cal imaging, artificial intelligence-enhanced PAI is also making major 
strides37. Artificial intelligence technology promises to overcome 
constraints imposed by both software components (for example, 
beamforming algorithms and high-throughput data processing237) 
and hardware components (for example, laser specifications and USTR 
specifications57,238). Artificial intelligence technology can also automate 
image segmentation239 and classification106,240 and generate virtu-
ally stained pathology images241,242, thus more efficiently identifying 
abnormal lesions and improving diagnosis. Integrating artificial intel-
ligence not only overcomes existing limitations but also facilitates the 
smooth and beneficial application of PAI in clinical settings. Artificial 
intelligence decision support tools can assist clinicians in interpreting 
PAI images and reduce interpretation time224.

For successful clinical translation, PAI must not only achieve 
hardware and software improvements but also demonstrate a broad 
and uniform range of maturity. The IPASC has undertaken photoa-
coustic standardization efforts in four key domains: data manage-
ment, standards development, test objects and methods, and clinical 
adoption. This endeavour not only streamlines the regulatory approval 
process for researchers and manufacturers but also promotes the 
widespread adoption of PAI devices in medical imaging. To ensure  
the successful realization of PAI standardization, researchers world-
wide must commit to substantial interest and active participation in 
the standardization efforts. Collaborative engagement from the global 
research community will contribute to achieving a consensus on PAI 
standardization and bolster its transformative impact on medical 
imaging practices.

A major milestone for PAI was reached in 2021, when it obtained 
FDA approval, demonstrating its potential to enhance diagnostic per-
formance in breast cancer. In 2023, PAI was incorporated into the 
DICOM standard, marking the beginning of its transformation into 
a commercially viable medical imaging modality for routine clinical 

use. The assignment of a CPT code for PAUSI expands health  insurance 
coverage and promotes the social adoption of this new modality.

Published online: xx xx xxxx
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