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A B S T R A C T   

In the past decade, photoacoustic (PA) imaging has attracted a great deal of popularity as an emergent diagnostic 
technology owing to its successful demonstration in both preclinical and clinical arenas by various academic and 
industrial research groups. Such steady growth of PA imaging can mainly be attributed to its salient features, 
including being non-ionizing, cost-effective, easily deployable, and having sufficient axial, lateral, and temporal 
resolutions for resolving various tissue characteristics and assessing the therapeutic efficacy. In addition, PA 
imaging can easily be integrated with the ultrasound imaging systems, the combination of which confers the 
ability to co-register and cross-reference various features in the structural, functional, and molecular imaging 
regimes. PA imaging relies on either an endogenous source of contrast (e.g., hemoglobin) or those of an exog-
enous nature such as nano-sized tunable optical absorbers or dyes that may boost imaging contrast beyond that 
provided by the endogenous sources. In this review, we discuss the applications of PA imaging with endogenous 
contrast as they pertain to clinically relevant niches, including tissue characterization, cancer diagnostics/ 
therapies (termed as theranostics), cardiovascular applications, and surgical applications. We believe that PA 
imaging’s role as a facile indicator of several disease-relevant states will continue to expand and evolve as it is 
adopted by an increasing number of research laboratories and clinics worldwide.   

1. Introduction 

A primary focus of the medical imaging field for the past century has 

been the capture of “snapshots” of the physiological processes occurring 
in an organ, tissue, or cell to diagnose a disease state or infer the 
effectiveness of a given therapy. Fortunately, several imaging 
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techniques now exist that can provide a great deal of information on the 
disease dynamics and thus improve the precision of theranostic meth-
odologies. While many of these technologies, such as computed to-
mography (CT), magnetic resonance imaging (MRI), positron emission 
tomography (PET), single positron emission computed tomography 
(SPECT), and ultrasound (US) imaging, have become foundational 
clinical modalities for both diagnosis and therapy monitoring, there 
remains a dearth of imaging methods which could monitor real-time 
physiological processes in a cost-effective manner without the need for 
exogenous contrast agents [1–4]. The turn of the century has seen a 
tremendous rise in some novel optical imaging technologies based on 
the unique optical scattering, absorption, transmission, and reflectance 
properties of tissues [5]. Amongst these techniques, photoacoustic (PA) 
imaging has garnered significant interest and popularity due to two of its 
unique features - facile integration with the widely available US imaging 
systems and its ability to image endogenous chromophores such as he-
moglobin at much higher penetration depths and decent resolution than 
any other optical imaging techniques [6]. 

PA imaging, also known as optoacoustic imaging, is a non-ionizing 
modality based on the production of US waves generated from 
nanosecond-pulsed light absorption and the subsequent thermoelastic 
expansion of a chromophore [7]. A multitude of chromophores can 
accomplish this, whether they be endogenous (hemoglobin, melanin) or 
exogenous (dyes, nanoparticles) to the human body. By relying on 
acoustic waves as a basis of signal detection, instead of reflected or 
scattered photons, deeper tissue regions can be imaged as the attenua-
tion of acoustic waves in the body is far less than it is for photons. A far 
cry from the first biomedical implementation of this dynamic, modern 
PA imaging has seen a marked increase in the fidelity of several imaging 
parameters courtesy of the development of novel probes, detectors, light 
sources, and image-processing methodologies [8]. Furthermore, several 
preclinical and clinical studies involving PA imaging to diagnose and 
monitor therapies for various malignancies such as cancer and cardio-
vascular disease, in addition to guiding surgical procedures, have suc-
cessfully been demonstrated by many research groups [9–12]. In fact, a 
PubMed® query last year with keywords “Photoacoustic” OR “Opto-
acoustic” on either the title or abstract yielded 5086 articles. Amongst 
these articles, 438 were review articles with exclusion criteria such as 
non-biological applications, case studies, non-English articles, and 
magazine articles. We identified that 115 articles (~26%) were on ap-
plications or technological advancements of photoacoustic imaging, and 
8.5% were on the use of development of contrast agents, nanoparticles 
for imaging, and image-guided therapies. The remaining articles fell 
under the multimodal imaging technical advancements, imaging, and 
theranostics applications, where photoacoustic imaging was not the 
focus. Analyzing the publications further also indicated that the number 
of publications has risen exponentially, substantiating PA imaging’s 
aggressive proliferation in the scientific community. The last decade has 
seen a revolution in biomedical applications of nanotechnologies which 
have furthered the development of exogenous contrast-augmented PA 
imaging. Nanoscale entities with inherent high optical absorption 
properties, such as inorganic plasmonic particles, dyes, and carbon 
nanotubes, have been deployed alone or encapsulated within nano-
structures such as liposomes to enhance PA contrast exogenously and 
deliver targeted therapeutics with greater precision [13–17]. There has 
been a steady increase in the percentage of publications in recent years 
that have demonstrated various applications using photoacoustic 
contrast agents [18]. While PA imaging with nano contrast agents holds 
tremendous potential for various precision medicine applications, its full 
impact has yet to be explored. In addition to their limited clinical ap-
plications at this time, non-bioinspired or inorganic metal nanomaterials 
are also limited by their biocompatibility and cytotoxicity profiles. In 
light of these observations and the recent advances in preclinical and 
clinical PA imaging, this review aims to provide a comprehensive look at 
niche applications of PA imaging utilizing endogenous contrast alone. 
Specifically, we present the diagnostic, tissue characterization, surgical 

guidance, and therapeutic monitoring capabilities of PA imaging and 
discuss modern advances fostering this unique technology towards 
broad clinical adoption and deployment. The review does not include 
details on electronics and data acquisition of photoacoustic signals as 
they have been recently reviewed elsewhere [19]. The review is divided 
into two major sections: (a) diagnostic applications and (b) image 
guided-therapy applications involving PA imaging, with a discussion on 
the limitations and challenges of PA imaging in clinical settings for the 
finale. 

2. Diagnostic applications of PA imaging 

PA imaging provides a wealth of physiological data about the bio-
logical systems using which decisions on the type of therapeutic options 
and related dosimetry can be made. The contrast of PA imaging relies on 
the optical absorption properties of the tissue chromophores being 
imaged. In other words, PA imaging can be used to distinguish between 
different chromophores by tuning the nanosecond pulsed laser wave-
length to match the absorption spectra peak of the target chromophore. 
Of the many serendipitous qualities of the different chromophores and 
molecules in the mammalian body that allow for scientific exploitation 
and signal acquisition, the optical spectroscopic profiles of blood were 
maximally exploited by PA imaging. This is due to the protein hemo-
globin that can absorb visible and near-infrared (NIR) laser irradiation 
(Fig. 1(i)) to generate signals that are strong enough to allow for dif-
ferentiation between vascular and non-vascular tissues. PA imaging can 
use similar or the same electronics as other non-invasive methodologies 
such as US imaging where the transducers detect acoustic waves 
generated because of optical energy deposition and the consequent 
thermoelastic expansion. This ability allows for the overlay of physio-
logical structures obtained from ultrasound with the PA contrast ob-
tained from vasculature, and the oxygenation status of an imaged tissue, 
all within a single system [20–23]. Several PA imaging techniques based 
on chromophores not limited to blood are described in the sections 
below, and they serve as excellent examples of the breadth of informa-
tion PA imaging can provide in many diagnostic and therapeutic set-
tings. For example, the variation in optical properties of tissue 
chromophores’ during tissue ablation or treatment and the ability of PA 
imaging to detect these changes makes it a suitable candidate for 
image-guided therapeutic procedures. In surgical nerve blocks, PA im-
aging distinguishes nerves from surrounding structures including ten-
dons to minimize nerve punctures [24]. In addition to characterizing 
chromophores, PA imaging adds tissue temperature information to aid 
in surgeries. PA imaging monitors real-time tissue temperature which 
can provide useful feedback in thermal therapies as it allows the surgeon 
to control the laser energy to provide an effective therapy and minimize 
collateral tissue damage [25]. All of these diagnostic applications of PA 
imaging are discussed in the sections below organized by the chromo-
phore of interest. 

2.1. PA imaging of vasculature and blood oxygen saturation 

Hemoglobin is an excellent endogenous chromophore that provides 
PA contrast in the visible and NIR range (Fig. 1(i)). PA imaging in 
addition to providing information about vasculature, can also provide 
functional information. Oxygen saturation (sO2) of blood can be 
extracted from PA images, courtesy of the unique spectroscopic profiles 
of oxy- (HbO2) and deoxy-hemoglobin (Hb). When oxygen molecules 
bind to hemoglobin, its optical properties change, resulting in a change 
in the absorption spectrum. This enables determining the oxygenated 
and deoxygenated blood ratio and combination of several visible and 
NIR wavelengths have been used for the purpose [31–33]. Due to this 
dynamism, in vivo imaging of vascular structures and their oxygen 
content can be conducted to diagnose and monitor many maladies 
ranging from a tumor [34], and wound healing [35,36] to the absence of 
sufficient oxygenation of tissues in the case of stroke [37,38] or 
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placental dysfunction [32], or brain function [39]. 
To understand the mathematical principle behind the multiple 

wavelength imaging approach, we first need to ascertain the number of 
unknown variables, i.e., the concentrations of Hb and HbO2. Consider 
absorption coefficients of Hb and HbO2 at two wavelengths λ1 and λ2, 
then μλ1

a and μλ2
a (cm-1), respectively can be represented as the equations 

below 

μλ1
a = ελ1

Hb ∗ CHb + ελ1
HbO2

∗ CHbO2 (1)  

μλ2
a = ελ2

Hb ∗ CHb + ελ2
HbO2

∗ CHbO2 (2)  

where, ελ
Hb and ελ

HbO2
are Molar extinction coefficients (unit: cm-1 M- 

1) for Hb and HbO2, respectively at a specific wavelength λ; CHb and 
CHbO2 are the corresponding molar concentrations of the two types of 
absorbing hemoglobin chromophores. From Eqs. (1) and (2), we can 
solve for CHb and CHbO2 as follows: 

CHb =
ελ1

HbO2
∗ μλ2

a − ελ2
HbO2

∗ μλ1
a

ελ2
Hb ∗ ελ1

HbO2
− ελ1

Hb ∗ ελ2
HbO2

(3)  

CHbO2 =
ελ2

Hb ∗ μλ1
a − ελ1

Hb ∗ μλ2
a

ελ2
Hb ∗ ελ1

HbO2
− ελ1

Hb ∗ ελ2
HbO2

(4) 

Now, the oxygen saturation (sO2) of hemoglobin can be calculated in 
the blood from Eqs. (3) and (4) using the formula: sO2 =

CHbO2
CHbO2 +CHb

, which 

ultimately can be rewritten as: 

sO2 =
ελ1

Hb ∗ μλ2
a − ελ2

Hb ∗ μλ1
a

ελ2
diff ∗ μλ1

a − ελ1
diff ∗ μλ2

a 

where ελ
diff = ελ

Hb − ελ
HbO2

. 
Recent examples of utilizing blood as contrast in PA imaging are 

provided in Fig. 1. The maximum intensity projection of blood vessels in 
the palm of a hand obtained with 795 nm and color coded based on the 
depth of the blood vessels is shown in Fig. 1(ii) [28]. The superficial 
palmar arch, the common palmar digital arteries, and the proper palmar 
digital arteries were located deeper than the vein network in the palm. 
PA imaging can also provide functional imaging particularly the blood 
oxygen saturation as shown in Fig. 1(iii) that displays the functional 
image of somatosensory cortex of the brain in response to electrical 
stimulations [29]. The structure of microvessels along with its oxygen-
ation status can be clearly observed. As the vasculature of both normal 
and diseased tissues can be obtained with PA imaging, it can be used to 
detect and diagnose cancers particularly of breast. Fig. 1(iv) shows the 
blood vessels in the entire breast tissue [30]. Furthermore, the image has 
also been color coded for depth of the vasculature in the breast providing 
a comprehensive volumetric vascular information in the breast tissue. 

The interplay between partial pressure of oxygen (pO2) and blood 
sO2 has been of interest in various diseases, given that understanding the 
molecular and cellular oxygenation changes within tissue can provide 
critical diagnostic inferences. Particularly in oncology, understanding 
hypoxia in cancer treatment is vital as hypoxia is often linked with 

Fig. 1. (i) Absorption coefficient, µa (cm-1), as a function of wavelength for several tissue chromophores such as HbO2, Hb, fat, melanin [26] and Water. Collagen 
from [27]. (ii) Maximum intensity projection of PA image of the blood vessels in the palm obtained at 795 nm. The color bar represents the depth. (iii) Oxygen 
saturation mapping of the somatosensory area in response to electrical stimulations. The blue rectangle represents the region of interest for subsequent functional 
imaging analysis. (iv) Vasculature in the right breast of a healthy female volunteer obtained using PA computed tomography. The image has been color-coded to 
represent depth. 
(ii) Adapted from [28]. (iii) Adapted from [29]. (iv) Adapted from [30]. 
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tumor propagation, malignancy, and resistance. Gauging tumor vascular 
heterogeneity and the associated hypoxia becomes critical in evaluating 
treatment success. Currently, there are no clinically used techniques that 
can provide full extent of hypoxia in real-time. Histology is often used as 
reliable gold standard in assessing tissue hypoxia but is met with limited 
spatial and temporal processing. Similarly spatial sampling of the 
heterogenous microenvironment is not possible with electrodes 
measuring partial pressure of oxygen. Various imaging techniques have 
been employed in scaling hypoxia such as, functional MRI and PET [40]. 
However, these techniques suffer from spatial resolution and lack of 
ability to produce image contrast without using external molecules. As 
PA imaging can exploit the optical absorption property of endogenous 
hemoglobin, it can provide functional information of tumor vasculature 
and blood oxygen saturation. Further, PA imaging is in mesoscale and 
can provide superior optical contrast with a reasonable penetration 
depth. Many studies have demonstrated the functional PA imaging as a 
surrogate biomarker for tumor oxygenation and its utility in gauging 
changes to tumor microenvironment in response to therapy and pre-
dicting the treatment response preclinically and clinically [34,41–43]. 
Some of the preclinical studies in the last decade have been summarized 
in Table 1 below. 

Monitoring of vascular function and sO2 is desirable to diagnose 
several malignancies, including breast cancer, ovarian cancer and thy-
roid cancer [41,49,55]. Specifically, here we provide technical advances 
on imaging breast tumors given the recent approval of utilizing PA im-
aging for diagnosing breast cancer in humans [56]. Existing techniques 
including mammography, B-mode US imaging, and MRI are used for 
screening and differential diagnosis of breast cancer [57]. Limitations 
such as the poor diagnostic performance in women with dense breasts by 
mammography [58,59], poor specificity in B-mode US imaging [60], 
and the fact that MRI is not point-of-care and readily available to pa-
tients, indicate a clinical need for more advanced diagnostic tools. The 

anatomy of the breast tissue makes it a suitable candidate for PA im-
aging since there are many different ways to deliver laser light and 
detect PA signals from the breast tissue. Exploiting the PA effect, PA 
tomography (PAT) provides molecular and functional information about 
the tumor within the breast tissue [6,30,61]. Spectroscopic PA (sPA) 
imaging provides sO2 maps that can act as an important indicator of 
cancer progression [61] and an important biomarker of tumor angio-
genesis [62]. 

Breast PA imaging systems are divided into three categories based on 
the system configurations and geometries: a) PA mammoscopic system; 
b) tomographic (volumetric) imaging systems using hemispherical or 
ring-array transducers; and c) planar using phased or linear array 
transducers. PA mammoscopy system was introduced by researchers at 
University of Twente. This system includes the Twente PA Mammoscope 
(TPAM), which uses a pulsed laser excitation source of λ = 1064 nm for 
visualizing most malignant tumors in compressed breasts with high 
contrast [63]. The system uses a 2D US detector array of 590 elements to 
generate uniform 3D spatial resolution equipped images (Fig. 2a). The 
next generation of the TPAM 2 was developed in a form of a volumetric 
tomographic system to overcome the limitations of the first prototype 
including a limited field of view (90 ×80 mm2 of the detector surface 
area), limiting whole breast coverage and breast compression-induced 
patient discomfort [64]. In contrast to a single imaging wavelength, 
this modified system utilizes a dual-wavelength approach (λ = 1064 and 
755 nm) for illuminating the breast in a fashion where one beam illu-
minates the nipple, and nine different beams illuminate the ventral sides 
(Fig. 2b-c). 3D US and PA images indicate clear vascularization super-
imposed with anatomical information of the patient’s breast in a prone 
position, within a water-filled imaging tank are probed through 12 
arc-shaped detector arrays of 32 elements each. This system provides an 
imaging depth of 22 mm, oxygen saturation probing capabilities, and 
reveals information about the lactiferous ducts within the nipples. 

Table 1 
Summary of a few selected preclinical studies in the last decade where photoacoustic imaging was used to monitor vascular function in response to therapy in various 
preclinical tumor models.  

Disease Ontology Model Wavelength 
(nm) 

Therapy and Biomarkers Imaging 
Apparatus 

Reference 

Basal Cell Carcinoma Mouse 532/785 Evaluation of vascular/tumoral destruction following 
photodynamic therapy, 

Custom [44] 

B-cell Mantle Cell 
Lymphomas 

Mouse harboring patient-derived 
xenografts 

750/850 Analysis of oxygenation and vasculature formation as 
indicators of tumoral aggressiveness, foundation for future 
post-therapy efficacy studies 

Vevo 3100/ 
LAZR-X 

[45] 

Breast Cancer Mouse harboring 4T1 murine or KPL4/ 
MDA-MB-231 human breast cancer 
tumors 

690 – 900 Characterization of whole tumors via vasculature 
dynamics and oxygenation status 

Custom [46] 

Breast Cancer Mouse harboring human EMT-6 breast 
cancer tumor 

750/850 Evaluation of tumor response to liposomal doxorubicin by 
quantifying drops in oxygen saturation post-treatment 

Vevo LAZR [47] 

Breast Cancer Mouse harboring human KPL-4/ MDA- 
MB-468 breast cancer tumors 

700 – 900 Evaluation of tumor response to bevacizumab treatment 
by quantifying drops in oxygen saturation post-treatment 

iThera 
In Vision 
256-TF 

[48] 

Breast Cancer Mouse harboring 
MDA-MB-231 breast cancer tumors 

700–900 Differentiation of bevacizumab responders from 
non-responders 

iThera 
In Vision 
256-TF 

[49] 

Glioblastoma Mouse 750/850 Early (24 h) prediction of tumor recurrence following 
photodynamic therapy as a metric of oxygenation changes 

Vevo LAZR [34] 

Head and Neck Cancer Mouse harboring patient-derived 
xenografts 

750/850 Analysis of fractionated radiation therapy on HPV + /- 
tumors via oxygenation change correlations as an early 
indicator of treatment efficacy 

Vevo LAZR [50] 

Hypopharyngeal 
Squamous Cell 
Carcinoma 

Mouse 850 Detection and characterization of subcutaneous tumors via 
vasculature density 

Cyberdyne 
AcousticX 

[51] 

Prostate Cancer Mouse harboring human PC3 and 
LNCaP prostate cancer tumors 

700–880 Demonstration of differences in vascularity and oxygen 
dynamics between 2 prostate cancer types 

iThera In 
Vision 
256-TF 

[52] 

Cancers of the Throat and 
Trachea 

Rabbit 562/584 Generation of baseline oxygenation dynamics and vascular 
structure for the detection of aberrations, presence of 
tumors 

Custom [53] 

Pancreatic tumors Mouse harboring AsPC-1 pancreatic 
adenocarcinoma tumors 

750/850 Correlation of pre-treatment to post-treatment tumor 
oxygenation dynamics and growth rate 

Vevo 3100/ 
LAZR-X 

[54]  
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Another PA tomography system, named LOUISA-3D, was developed by 
Oraevsky et al. This imaging system utilizes a patient’s 
breast-compatible hemispherical mold. An arc-shaped array (96 ele-
ments) and fiber bundle coupled to tunable pulsed laser wavelength 
λ = 755 – 795 nm illuminate the breast from different angles and rotate 
around the breast to provide volumetric co-registered PA and US 
tomographic images with high isotropic spatial resolution [65]. The 
system merits advantages such as full breast coverage and the capability 
of providing functional information. Another example includes a dedi-
cated 3D PA breast cancer detection system, which was developed by 
Kruger, Robert A., et al. [66]. This imaging system used a 512-element 
hemispherical detector array to acquire the PA signals from a breast 
tissue positioned in an optically clear, water-filled spherically shaped 
cup illuminated by pulsed lasers of wavelength λ = 756 nm. This system 
provided 3D PA images of the breast tissue with clear vasculature and 
demonstrated potential for imaging large breasts at depths up to 53 mm. 
Ring based PAT system includes the single breath hold – PA computed 
tomography system (SBH-PACT) [30], developed by Lin et. al, and 
all-reflective full ring illumination/acquisition system was also pro-
posed by Alshahrani et al. [67]. The SBH-PACT included a modified 
mammography design, where the compressed breast is placed between a 
512 element-ring transducer and is illuminated with an imaging wave-
length of λ = 1064 and 750 nm. Multi-wavelength imaging capability of 
this system provided sO2 maps at penetration depth upto 4 cm. A 
ring-based PAT system without breast compression was developed by 
Alijabbari et al. [68]. This imaging system included a 256-element ring 
transducer (Fig. 2d) and uses a multi-wavelength approach for acquiring 
co-registered US and PA images [69]. Multispectral capabilities allow 
the system to probe functional properties of different tissue chromo-
phores including tumor vasculature. In contrast to other illumination 
strategies, this system provides a uniform PA signal between the imaging 
depths of 10–20 mm [68]. Proof-of-concept studies validated the lower 
fluence and a greater cross-sectional illumination depth providing 
capability of this imaging system. A linear array US and PA 128 element 
probe equipped imaging system, known as Imagio was developed. This 
handheld probe was used for real-time visualization of tumors 
measuring 10 mm in diameter at an imaging depth of 3 – 20 mm and 
large blood vessels at an imaging depth of 40 mm [70]. Illumination was 
achieved through a dual wavelength λ = 1064 and 757 nm coupled fiber 
attached to either side of the transducer. This is the only food and drug 
administration (FDA) approved PA based system for breast cancer 

detection [71]. Moreover, this FDA approved medical imaging system 
also provides relative total hemoglobin concentration within and 
around the tumor along with the sO2 map of the tumor (Fig. 2e-j). In 
summary, imaging vasculature in deep tissues has become synonymous 
with PA imaging. However, PA imaging does suffer certain limitations 
despite being a non-ionizing and non-invasive modality. The depth of 
imaging and motion-induced artifacts are two of the biggest hurdles for 
clinical PA imaging today [72,73]. Fortunately, these hindrances to 
performance are being whittled away by the technological advance-
ments such as leveraging algorithmic data refinement and endoscopic 
sources of PA excitation and US reception [53,72,74]. 

In the treatment of cancer, oxygenation is crucial for understanding 
and forecasting the behavior of a tumor’s response to treatment [75]. 
For example, by monitoring the blood vessels of a tumor and the in-
crease or decrease in oxygenation, we may gauge that the tumor is 
attempting to become hypoxic post therapeutic effect or increase its 
glycolytic processing and vascular recruitment for growth and metas-
tasis [76]. Understanding these facets of tumoral behavior is critical for 
successfully deploying the most efficacious therapy possible at the onset 
of treatment, in addition to making judgment calls at critical junctures in 
the planning and follow-up phases of cancer treatment. The same can be 
said of treating strokes, and PA imaging has proven its efficacy in 
studying the occlusion, reperfusion, and neovascularization of tissues 
affected by infarcts [77,78]. The presence, destruction, and neogenesis 
of vessels may also be easily imaged using PA imaging, and pertains to 
all of the above conditions as an indicator of either successful vascular 
destruction via techniques such as photodynamic therapy (PDT), pho-
tothermal therapy (PTT), and sonodynamic therapy (SDT) or the 
detection of vasculature that is not easily seen by white light imaging 
(WLI) for therapeutic image-guidance [79–81]. Lastly, the severity of 
symptoms of inflammatory ailments such as rheumatoid arthritis has 
been shown to exhibit tight correlations to the presence of reactive ox-
ygen species (ROS) and aberrations in pO2, pCO2, and pH, which can be 
extrapolated using PA imaging of hemoglobin as an indicator of pO2 
values and therefore a proxy of pCO2 content [82]. We list below ex-
amples of these applications of PA imaging for the monitoring of ther-
apeutic efficacy. 

The development of a cancerous state within a cellular system is a 
complex product of innumerable factors acting alone or in tandem, from 
oxidative stress or immune challenges to interplays between cellular 
signaling networks and environmental factors such as diet and radiation 

Fig. 2. PA image-guided breast cancer detection: Planar PAT breast cancer detection systems include Mamoscope systems, such as a) Schematic of the PA mam-
moscope. (a) The compressed surface of the breast between the glass window and flat detector matrix is illuminated locally by a pulsed laser source of λ = 1064 nm 
which is scanned in two dimensions. b) illustration indicating the top view of the imaging tank. The breast is illuminated at the nipple (bottom) and sides. US and PA 
images are acquired through an array of 12 detectors. c) Photograph of the imaging tank. PAT system based on ring geometry: d) 3D view of the PAT system 
indicating a ring transducer, a pulsed laser, a cone shaped reflector and 2 conical reflectors. US/ PA images probed by this system indicate a uniform PA signal across 
the scanned cross-sectional area of the tissue being imaged. Linear array-based US/ PA breast cancer detection: e) US image indicating a malignant mass measuring 
260 mm. f) Total hemoglobin map indicated in yellow referring to the highest density micro- and major vasculature. Oxygenation map seen in g) and j), where red 
indicates regions below an oxygen saturation of 85% and green color indicates normally oxygenated regions (>90%). (g) Diffuse internal blood deoxygenation is 
indicated by PA imaging. h) Low contrast US image indicating a small ductal carcinoma measuring 4 mm in diameter. i) High density of total hemoglobin is seen 
around a small core. j) Significant blood hypoxia is seen on the oxygen saturation map. 
(a) Image adapted from [63]. (b, c) Image adapted from [64]. (d) Image adapted from [68]. (e-j) Image adapted from [70]. 
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exposure [83–86]. The monitoring of tumor dynamics pre-treatment, 
during treatment or post-treatment is critical to successfully forecast 
its behavior and deploy the appropriate therapy for a given tissue. For 
example, Mallidi et al. have established an algorithm-based ultrasound 
and photoacoustic imaging pipeline for the classification of tumoral 
responses to therapy (specifically PDT) as a factor of tumoral oxygena-
tion content [34]. US imaging was used to differentiate tumoral 
boundaries from proximal healthy tissue. By combining 3D PA imaging 
on top of US boundary profiles, the oxygenation content of tumors was 
successfully pseudo-mapped onto their therapeutic response. This 
allowed for a novel look at tumoral responses during and following the 
treatment and established an unprecedented method for predicting 
tumor recurrence. While sO2 of blood is a surrogate marker for tumor 
oxygenation status, Shao et al. performed measurements of partial 
pressure of oxygen (pO2) content across large regions of tissue based on 
photoacoustic lifetime measurements of methylene blue dye [87]. Often 
paramount to the success or failure of a given therapy, the availability or 
lack thereof of nutrients, signaling agents, and oxygen can be easily 
monitored using PA imaging of the vasculature as a proxy for the 
availability of all three. Should the desired clinical endpoint be an in-
crease in these elements, PA imaging of vasculature can easily detect the 
dilation or neogenesis of novel arteries and veins and thus an increase in 
the availability of these components [88]. In contrast, the destruction of 
vasculature is a foundational way to deprive misregulated cellular sys-
tems affecting a broader population of cells or tissues and maybe imaged 
just as easily with PA imaging [44]. Fortunately, many technologies 
exist that can destroy tumor vasculature, which may use light to 
generate cytotoxic substrates or ROS as in the case of PDT, or sound to 
acoustically convert drugs into an active form as in the case of SDT [23, 
89]. As PA imaging may be deployed to monitor vascular growth as a 
proxy for tumoral behavior, it can also be deployed to monitor vascular 
destruction, as illustrated by the work of Rohrbach et al. or 
Quiros-Gonzalez et al. for the imaging of vascular destruction in tumors 
[44,49]. Monitoring these processes can be done in real-time using PA 
imaging paired with US imaging to follow the evolution of tumoral 
vasculature and its destruction during therapy. We are observing a rise 
in clinical applications involving blood sO2 monitoring during therapy, 
given the lack of exogenous contrast agents. For example, Fig. 9(d) 
shows demonstration of sO2 measurements in the human thyroid tumors 
[41]. Future pairing with endoscopes and other intra-operative devices 
for intimate imaging of deep-seated tissues within the body [53] will 
further catapult the technique into routine clinical use. 

2.2. PA imaging of melanin 

Melanin is one of the most abundant light-absorbing polymers in the 
body, derived through multi-stage chemical processes such as the 
oxidation of tyrosine. In addition to skin, melanin can also be found 
primarily in the eye, and circulatory system, particularly in the instances 
of metastatic melanoma [90]. Due to its photochemical and photobio-
logical properties, melanin can be detected and quantified by several 
optical spectroscopy techniques [91–94]. Specifically in PA imaging the 
high optical absorption of melanin has aided in its detection within 
tissues such as the retina [95,96], lymph nodes [97], and skin-based 
applications [98,99]. In contrast to hemoglobin, melanin has a broad 
absorption spectrum that spans from visible light to NIR wavelengths 
(400–1064 nm) and thus allows for a wide range of excitation wave-
lengths to be used in photoacoustic imaging [100–102]. 

Within the ocular tissues, melanin can be found in the uvea (the iris, 
choroid, and ciliary body) and is particularly found in high concentra-
tions in pigmented tumors (e.g., eye melanoma) [95,101]. Silverman 
et al. used the laser wavelengths of 532 and 1064 nm to obtain melanin 
maps in ocular tissues [95]. Melanin has higher absorption at 532 nm 
than at 1064 nm and as expected, the study also showcased higher PA 
signal at the former wavelength than the latter, despite the latter 
wavelength generating images with higher penetration depth. In 

another study conducted by Shu et al. retinal pigment epithelium (RPE) 
melanin and choroidal melanin were distinguished from each other as 
the axial resolution in a PA imaging system (< 10 µm) was very high 
[96,103]. In this study, a Monte Carlo simulation was also used to obtain 
light absorption dynamics in the retina to optimize the bandwidth for PA 
microscopy systems and increase its spatial resolution. Beyond ocular 
imaging, melanin detection in the circulatory system can improve both 
the prognosis and the treatment plans for melanoma, the most lethal 
form of skin cancer [104]. To this end, several groups have demon-
strated the utility of PA imaging in the detection and eradication of 
circulating metastatic melanoma cells [105,106]. Interestingly, Wang 
et al. [107] showed that the PA imaging of melanoma cells at the 
wavelength of λ = 764 nm allows for high contrast between hemoglobin 
(λ = 584 nm) and melanin for a given tissue. However, this study was 
limited to detecting thin superficial melanomas due to the low pene-
tration depth at the imaging wavelength. Unfortunately, melanin and 
circulating blood cannot be distinguished in the ultraviolet (UV) and 
visible wavelength range due to the overlap in spectral absorption of the 
two targets [108]. The work of Langhout et al. [97] made strides to this 
end by comparing spectral profiles of various chromophores in the 
wavelength range of 680–970 nm. Although their method could 
discriminate between hemoglobin and melanin, a small melanoma 
lesion could not be adequately detected due to weak PA signal strength, 
which lead to a low correlation with its reference spectrum. This 
shortcoming was overcome by Zhang et al. [109] by reconstructing 
z-stacks of PA images (obtained with wavelength illumination at 
764 nm) to create a 3D morphological data set that enabled resolving 
features that would otherwise be lost from a 2D PA image alone (Fig. 3 
(i) & (ii)). 

Skin pigmentation is due to the accumulation of melanin-containing 
melanosomes in the basal layer of the epidermis. Epidermal melanin is a 
broadband optical absorber and is found in large quantities in the 
human skin. The presence and concentration of melanin in a tissue can 
be used as a predictor to gauge the light dosage necessary for the 
maximal effect in phototherapies [110]. For instance, a physician could 
theoretically provide an optimized laser fluence for a given therapy 
depending on the abundance of melanin in the skin to minimize 
off-target cytotoxicity. Viator et al. demonstrated this concept by uti-
lizing a Nd: YAG (neodymium-doped yttrium aluminum garnet) laser at 
532 nm to irradiate skin via an optical fiber. By binning the melanin 
profiles of the imaged skin into six classes based on the strength of PA 
signal generated, disparate dosimetry metrics were established for the 
guidance of future cutaneous therapeutic applications and thus mini-
mizing cytotoxicity based on the melanin content of a patient’s skin 
[111]. Researchers have also tried to measure the thickness of mela-
noma before the surgery so that they can accurately assesses the depth 
and the spatial extent of the tumor at the time of biopsy and also can 
choose sample location by demarcating the desired periphery [98]. The 
co-registered US-PA images (Fig. 3(iii)) along with the 3D map of the 
tumor volume obtained from the spectral unmixing process denote that 
their detection system can be implemented in the clinics before the 
actual biopsy so that the cutaneous lesion thickness can be accurately 
calculated. General applications involving melanin, such as imaging of 
moles [112], hair follicles [113] and skin allergies [114] were also 
demonstrated by several groups. The clinical translation of PA imaging 
for melanoma might possibly be materialized once the issues involving 
spectral coloring and motion artifacts have been resolved. In summary, 
the biodistribution of melanin, vital for the dermatologic assessment of 
skin and laser procedures, can be provided by PA imaging. Some of the 
recent studies showcasing photoacoustic imaging of melanin for various 
biological applications are summarized in Table 2. 

2.3. PA imaging of collagen and water content of tissue 

Collagen is a family of extracellular matrix proteins that plays a 
critical role in providing structural support to tissues and regulating 
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cellular behavior, including the facilitation of vascular elasticity and 
tissue repair [141]. Collagen has unique optical absorption properties 
that enable multi-wavelength PA imaging to differentiate it from other 
chromophores such as lipids and blood in the tissue. A recent study on 
tissue fibrosis utilized multispectral optoacoustic tomography (MSOT) 
to provide information on the collagen content of tissues in pigs and 
humans with Duchenne muscular dystrophy (DMD) disease. The results 
showed that collagen content (quantified based on spectral unmixing of 
PA signals) significantly varies between healthy and diseased patients 
(Fig. 4(iii)) [142]. This study highlighted the importance of PA imaging 
as a continuous monitoring tool of collagen content in biological tissues. 

Collagen is a critical component of atherosclerotic lesions. The dif-
ferences in optical absorption coefficients of standard plaque compo-
nents like lipids, water, blood, and collagen enable characterizing 
various atherosclerotic plaques. The ratio of lipids and collagen can be 
leveraged to classify plaques for designing specific therapeutic regimens 
[144,145]. In the work of Wang et al., the mapping of lipid and collagen 
content was possible due to multi-wavelength PA imaging. Specifically, 
PA images obtained with a total of 60 wavelengths between the range of 
1650–1850 nm were used for unmixing the spectral information from 
the lipids and collagen with alternating least square analysis [146]. 
Similarly, Sethuraman et al. utilized the multi-wavelength intravascular 
photoacoustic (IVPA) imaging (680 – 900 nm range) to characterize the 
vulnerability of atherosclerotic plaques. IVPA imaging on a normal aorta 
and aortic tissue obtained from a rabbit model of atherosclerosis showed 
high correlation between the collagen deposits in the thickened fibrous 
cap of the plaque and the histology images across the same cross-section 
(Fig. 4(i) & (ii)) [143]. Therefore, as this technique was validated in ex 
vivo tissues, its integration with technologies that can glean such data 
from within a live animal or humans will be instrumental for predicting, 
identifying, and subsequent post-therapy analysis of diseases stemming 
from atherosclerotic events. 

Aberrant collagen concentrations exist in non-alcoholic fatty liver 
diseases. These liver disorders arise due to hepatic fat accumulation and 

inflammation, resulting in hepatocytic injury and eventual loss of 
function [147]. Imaging this detrimental event can be observed via 
λ = 1350–1390 nm excitation of collagen, which, when paired with the 
concentrations of other molecules in the tissue to include blood and 
water will provide an intimate portrait of the physiological health of the 
liver, as demonstrated by Xu et al. [148]. Their PA assessment of liver 
health correlated well with histological analysis and may provide even 
more therapeutically relevant data about the constituents mentioned 
above when paired with studies of inhibitory drugs to slow down or 
prevent the spread of fatty liver diseases. As an example, the findings on 
the inhibitory effects of nitro-oleic acid on fatty-liver disease progression 
were demonstrated by Rom et al., and validated using PA imaging via 
inhibition of both fat and collagen deposition [149]. 

Collagen undergoes a sequential change through multiple phases 
during pregnancy, beginning with a compact structure in early gestation 
and transitioning to a more flexible configuration to allow for the pas-
sage of the fetus through the birth canal. This morphological shift occurs 
in tandem with macroscopic changes such as cervical length, effacement 
(thinning), and dilation [150–154]. As such, the measurement of a 
collagen network’s reorganization paired with tissue hydration mea-
surements can provide direct real-time analysis of cervical remodeling. 
Providing more accurate assessments of cervical processes earlier in 
gestation could aid in identifying patients at risk for prenatal compli-
cations such as pre-term birth. To address the limitation involving tissue 
hydration, Xu et al. applied PAT to extract the absorption spectra of 
various water concentrations at wavelengths between λ = 925 and 
1025 nm ex vivo in a piece of porcine fat; [155]. Fortunately, water and 
collagen have different optical properties, as shown in Fig. 5(i and ii) 
and unfortunately, the absorption profile of lipids has a significant 
overlap with collagen [156]. However, the low concentration of lipids in 
cervical tissue makes the contribution of lipids to PA signals insignifi-
cant for this application [156,157]. In the second spectral range from 
1400 to 1600 nm, though water is the dominant absorber by a factor of 
~6x, water and collagen have separate local peaks at approximately 

Fig. 3. (i) A composite image of the maximum-amplitude projection along z-axis. Blood vessels imaged at 584 nm and melanoma imaged at 764 nm are shown by 
red and brown color, respectively. (ii) 3D image of detected melanoma from acquired PA data at 764 nm. (iii) Left column: Photographs of in situ melanoma on the 
top of the benign dermal layer captured from above (a), Captured transversely (b) and corresponding histopathological image where star denotes the melanoma and 
arrow signifies the benign dermal layerMultiwavelength PA images generated by the spectral unmixing are superimposed with the structural ultrasound counterparts 
(d-f). The colored portion is the spatial extent of the tumor as denoted by the PA imaging. 
(i, ii) Adapted from [109] (iii). (b) Adapted from [98]. 
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1450 and 1470 nm, respectively (Fig. 5(ii)). From these serendipitous 
and disparate peaks, the shifts in their respective amplitudes can be used 
to determine variations in tissues’ water and collagen content across two 
different wavelength ranges. Yan et al. utilized these optical dynamics to 
propose an approach for detecting water to collagen ratio in the murine 
cervix ex vivo [157,158]. Their results with corresponding histological 
analysis demonstrated the procedure’s success in accurately deter-
mining the collagen to water ratio in the mouse cervixes extracted at half 
and full-term. Building upon this, Varrey et al. recapitulated Yan et al.’s 
findings via imaging human volunteer cervical biopsies obtained from 
both non-pregnant women and those who had just undergone cesarean 
section delivery [159]. In addition, the water concentration in the tissue 
was tested and observed using a PA-equipped endoscope by Qu et al. 
[160]. The hydration level of hydrogel phantoms and cervical tissue of 
pregnant women was quantified by measuring the PA spectra in the NIR 
range. According to their study performed in humans, the PA signal (as a 
proxy for water content) demonstrated a strong correlation with 
advancing gestational age. 

2.4. PA imaging of glucose 

Glucose is an intrinsic energy source for all mammals on this planet 
and is a requisite component for cellular respiration and the synthesis of 
adenosine triphosphate [161]. Unsurprisingly, human disorders 

involving the regulation of glucose pathways constitute a significant 
burden of disease and cause high morbidity and mortality globally 
across many diseases [162–165]. The metabolic disorder such as dia-
betes mellitus interferes with the body’s ability to properly regulate 
blood glucose levels due to the faulty insulin translation or the immu-
nological destruction of insulin-producing beta cells [166]. This affects 
all organs in the body, as improper glucose levels dysregulate the ability 
of blood vessels to provide proper nourishment to tissues. Accurate 
functioning of the regulatory glucose pathways decreases the occurrence 
of these vascular complications, as noted by the decrease in glomerular 
permeability and the risk of retinopathy in a two-cohort study by The 
Diabetes Control and Complications Trial Research Group [167]. How-
ever, the incidence of diabetes continues to rise globally, affecting 
~422,000,000 people as of 2014. A facile and non-invasive imaging 
modality is needed to improve both the prognosis and the diagnosis of 
this disease. Although several non-invasive imaging techniques such as 
NIR spectroscopy, Raman spectroscopy, optical coherence tomography 
(OCT), fluorescence detection, and the exciting arena of genetically 
encoded sensors for a number of metabolic pathways exist for the 
monitoring of glucose level, PA imaging surpasses either their fidelity, 
imaging depth, or the need for exogenous contrast agents or genetic 
manipulation [168–176]. Glucose has been quantified by PA in an 
aqueous solution via gelatin-based tissue simulations with no noted 
interference from Sodium chloride, cholesterol, or albumin [177,178]. 

Table 2 
Table summarizing few recent studies involving photoacoustic imaging of melanin.  

Applications Species Imaging Apparatus Imaging wavelength 
(nm) 

Imaging 
depth 
(cm) 

Reference 
(s) 

Ocular imaging Mouse 
(in vivo) 

MSOT 680–980 1.2 [115] 

Pig 
(ex vivo) 

Vevo 2100/LAZR 680- to 970 NA [116] 

Human 
(ex vivo) 

Broadband PAM 532 NA [96] 

Metastatic Melanoma cells Cells PA flow cytometry (PAFC) 532; 820 NA [117] 
Mouse 
(in vivo) 

Vevo 2100/LAZR 680–970 0.5 [118] 

Human 
(ex vivo) 

PAFC 532 1.25 [119] 

Metastatic Melanoma in lymph 
nodes 

Mouse 
(in vivo) 

Vevo LAZR 700, 715, 730, 760, 800, 830, and 860 2.5 [120] 
MSOT 680–980 

(5 nm intervals) 
0.8 [121] 

Human 
(ex vivo) 

Vevo LAZR 680–840 nm (40 nm intervals) 2 [97] 

Human 
(in vivo) 

MSOT 680–980 2.5 [122] 

Melanoma Human 
(ex vivo) 

Vevo LAZR-X 680–970 
(5 nm intervals) 

1 [98,123] 

Human 
(in vivo) 

PA dermoscopy 532 NA* [124] 
US-PA imaging with 3D handheld 700; 756; 796; 866; 900 0.06–0.91 [125] 
PAT 680; 850 0.4 [126] 
Acoustic resolution PAFC 1060 0.1–0.3 [127] 
Custom built system 680–970 

(5 nm intervals) 
0.3 [128] 

Mouse 
(in vivo) 

OR & AR-PAM 532 1.03 [129] 
OR-PAM 532 1 [130] 
MSOT 680, 710, 730, 740, 760, 770, 780, 800, 850, 

and 900 
0.5 [131] 

AR-PAM 1064 0.11 [132] 
Photoacoustic and hyperspectral dual-modality 
microscope 

400–650 
(5 nm intervals) 

NA [133] 

Epidermal / Skin imaging Human 
(in vivo) 

AcousticX 850 4 [134] 
MSOT 700; 730; 760; 780; 800; 850; 875 2 [135] 
Raster-scanning optoacoustic mesoscopy 532 0.1 [114,136, 

137] 
MSOT 680–980 3.4 [138] 
MSOM 460–650 0.1–0.5 [139] 

Hair follicle Human 
(in vivo) 

MSOT 660–1300 0.9 [113] 
AcousticX 690; 850 1.5 [140]  

* NA: not available 
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Fig. 4. (i) The histology (hematoxylin and eosin (H&E), RAM11 stain recognizing connective tissue and vascular macrophages, and Picrosirius Red stain for 
collagen) of two cross-sections of the atherosclerotic (left panel) and normal aorta (right panel). The histology images demonstrate high RAM11 and picrosirius red 
stain in the presence of plaques in atherosclerotic aorta compared to normal aorta. (ii) The spectroscopic (first derivative) IVPA images. Region 1,2, and 3 in (a) show 
the suspected region of lipids, collagen type III and collagen type I, respectively. Region 4 and 5 in (b) identify the suspected area of collagen type III. (iii) a. Example 
of real-time imaging of a 3-year-old healthy volunteer (HV) using the 2D MSOT detector probe. b. Representative MSOT images of transversal scans from four 
anatomical regions of a 7-year-old HV (left panels) compared to those of a 5-year-old with DMD (right panels). c. Collagenmean/max signals of HV and subjects with 
DMD, as measured by 2D MSOT. Each filled circle represents one MSOT signal per independent muscle region (upper row) or the mean MSOT signal per independent 
subject (bottom row). d. Use of ROC curves to distinguish between DMD and HV muscles using unmixed MSOT collagen parameters (collagenmean and collagenmax). 
AUC is indicated with the 95% CI to distinguish between muscles from HV and patients with DMD. 
(i, ii) Adapted from [143]. (iii) Adapted from [142]. 
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Several in vivo studies have been carried out to monitor the glucose 
concentrations through mid-infrared (MIR) photoacoustic spectroscopy 
of the epidermis [170,171]. However, due to the high absorption of 
water in the MIR range paired with the shallow penetration depths of 
MIR light, these wavelengths are impractical for glucose measurement 
from within deep tissues [179]. To bypass this shortcoming, Kottmann 
et al. developed an approach utilizing two quantum cascade lasers 
which provided spectral data from the three absorption peaks of glucose 
(wavenumbers k = 1034 cm− 1, 1080 cm− 1, and 1152 cm− 1). Without 
the use of any complex unmixing algorithms and data analysis, Kottman 
et al.’s photoacoustic measurements had a high correlation with the 
glucose values measured using the standard invasive blood glucose 
meter (coefficient of determination = 0.8) (Fig. 6(i)) [180]. Further 
improvements in sensitivity could be achieved with use of higher laser 

power and more than two quantum cascade lasers for multi-wavelength 
sensing of glucose content. Measuring glucose content through skin in 
humans is complex and has high variability to inter and intra subject 
differences in the skin conditions such as melanin content, water content 
collagen content etc. Infact, Sim et al. found spatial variability in the 
glucose absorption due to the activity of sweat glands. In their study, 
Sim et al., used a raster scanning method to produce maps of spatial 
variability in the epidermal ridges and glands (sweat or sebaceous 
glands) [176]. By spatially selecting for regions of minimal interference 
from these factors, more accurate PA images of glucose were derived 
with a resolution of 90 µm. However high-resolution systems such as 
those utilized by Sim et al. are not capable of real-time measurements. 
Particularly in this study each measurement required approximately 
4.3 minutes after the system was calibrated to each individual user 

Fig. 5. (i): (a) Simulation of in vivo optical absorption spectra of water, collagen, oxyhemoglobin, and lipid in the range of 1000–1800. The red window indicates the 
area that collagen absorption varies while water is constant. The green Window depicts the region that water is dominant. (b) Collagen (type I) absorption and 
Scattering. (ii): (a, b): Spectroscopic PA signal amplitudes of murine cervices at two gestational ages (13.5 and 19.5 dpc, n = 10 for each); (c, d): H&E staining; (e, f): 
Sirius Red staining and polarized light microscopy images of transversal slide of murine cervices. Position of the cervical canal or lumen is indicated for reference; (g, 
h): the detected collagen surface-area from histological images. 
(i) Adapted from [156]. (ii) Adapted from [157]. 
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(Fig. 6(ii)). Technological advances in lasers with high pulse repetition 
frequency can increase the time resolution of such systems. Sim et al. 
also suggested that such a technology can also be adapted to forensic 
sciences [176]. 

3. PA imaging for guidance of surgical and interventional 
procedures 

Image guidance plays a paramount role in surgeries [181], analogous 
to navigational technologies employed to guide vehicles through un-
charted terrain. Image-guided surgical procedures utilize the demarca-
tion of anatomical features, including vasculature, to minimize 
collateral tissue damage. The use of image guidance in surgeries also 
reduces the duration of hospitalization and the probability of additional 
surgeries being required. Features of US imaging, including its low 
equipment cost, safety, portability, high spatial resolution, and real-time 
visualization capabilities, have promoted this technology to be deployed 
in a number of image-guided surgical settings that include endovenous 
laser ablation (EVLA) procedures, biopsy acquisition, and neurosurgery 
[182]. As previously mentioned, artifacts and low contrast in some 
settings limit the ability of US imaging to provide sufficient image 
guidance on its own [183–185]. PA imaging has emerged as a novel 
imaging approach with sufficiently high sensitivity and specificity to 
overcome the limitations of US imaging while retaining its salient fea-
tures. We discuss below how PA imaging proves to be more attractive 
modality than US imaging for guiding surgical tools, placement of im-
plants, tracking temperature fluctuations and lesion formation. 

3.1. PA imaging for guiding and tracking biopsy needles 

Metallic needles are used to acquire biopsy tissues from several or-
gans, including sentinel lymph nodes, liver, prostate, and breast 
[186–189]. In a typical biopsy procedure, small tissue samples of a few 
cubic centimeters are extracted using a US or stereotactic (low dose) 
X-ray guided needle. US-guided metallic needle placement limitations 
may include low contrast, transducer-needle misalignment, artifacts 
produced by angular dependency, comet tail errors, and acoustic clutter 
[183–185]. Angular dependency is caused when the sound waves 
echoed from a tissue move away from the US imaging plane and are not 
received by the US transducer. Examples include the US imaging of 
tracking fibers in EVLA procedures, in which complications may arise 
from a failure to detect the fiber tip [183] properly. Comet-tail errors are 
produced from artifacts generated by a short train of reverberations 

caused by an echogenic focus with strong parallel reflectors within it 
[183,184]. This is particularly important for diagnosing adenomyoma-
tosis (hyperplasia) in the gallbladder, wherein comet tail artifacts may 
arise from the presence of cholesterol crystals within the hyperplastic 
tissue [190]. Acoustic clutter involves scattering of soundwaves by 
multiple tissue layers, which degrade the fidelity of the US waves 
returning to the detection transducer, thus decreasing the image 
contrast. This may occur in instances such as US-guided percutaneous 
liver and kidney biopsies in obese patients. Acoustic clutter requires 
multiple needle passes to achieve sufficient US contrast for visualization, 
resulting in greater procedure durations and potentially causing com-
plications [191,192]. Although both US and PA imaging depend on the 
detection of US waves, PA-induced US wave generation is determined by 
the wavelength-dependent optical absorption of the imaged region 
instead of the region echogenic character alone [61]. Though not being 
endogenous contrasts, metallic needles, as parts of the surgical proced-
ures, absorb light more efficiently than tissues, and thus allow for higher 
resolution images with high needle-tissue contrast. As such, the omni-
directional acoustic waves traveling from the needle tip provide an 
angle-independent needle tip tracking, a significant advantage over US 
needle tracking alone (Fig. 7(a-b)). Recent studies on utilizing PA im-
aging to track needles are listed in Table 3. 

3.2. PA-guided robotic surgical systems 

PA imaging systems have been successfully integrated with the da 
Vinci® robot for guiding a plethora of surgeries, including mastoidec-
tomy and hysterectomy procedures [199,200,217]. In mastoidectomies, 
infected mastoid air cells are removed using an endoscopic camera and a 
drilling tool. These surgical techniques utilize an endoscopic camera to 
visualize superficial anatomical structures and traditional modalities 
like CT, MRI, and US imaging to guide the endoscope around major 
nerves and blood vessels. Should image-guidance technologies fail to the 
point of a critical error, the procedure can cause paralysis or death due 
to a damage of the facial nerves and arteries. PA-compatible surgical 
tools can be developed by adding optical fibers to the current surgical 
tools (Fig. 7(c-f)) to minimize or prevent the occurrence of such pitfalls. 
In endonasal transsphenoidal surgery, pituitary tumors are removed by 
drilling through the sphenoid bone under endoscopic guidance. How-
ever, the endoscope shows only superficial features and does not provide 
accurate localization data relative to the drill and bone [201]. Major 
complications include accidental damage to the carotid artery, which is 
occluded by the sphenoid bone and may result in thrombus formation, 

Fig. 6. (i) Relationship between the PA signal and glucose concentration (in mg/dL) in aqueous solutions for two different wavelengths 1080 cm− 1 (red) and 
1180 cm− 1 (blue). The PA signals were normalized to 1 for pure water. (ii) A schematic of the scanning photoacoustic spectroscopy system for glucose monitoring 
consists of a two-axis fast steering mirror system, a PA cell, a bandpass filter pre-amplifier, a lock-in amplifier system, and an infrared laser source for illuminating the 
finger. Microscopic PA images were acquired simultaneously using a stereomicroscope equipped with an interchangeable lens camera. 
(i) Adapted from [180]. (ii) Adapted from [176]. 
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stroke, and death. PA imaging excels at detecting these critical struc-
tures, surpassing CT, US, and MR angiography imaging alone in terms of 
resolution, applicability to treatments for patients with metallic im-
plants, and safety per PA imaging’s use of non-ionizing laser pulses. 
During hysterectomy procedures, real-time US imaging fails to distin-
guish between the ureter and the uterine arteries due to their hypo-
echoic (dense) acoustic character, similar to the NIR fluorescence 
imaging’s limited tissue penetration at depths greater than a few milli-
meters. The work of Allard et al. successfully demonstrated PA imaging’s 
ability to fill this gap by developing a light delivery system surrounding 
the surgical tool for ureter and uterine artery discrimination at a depth 
of 10 mm [217]. Additionally, PA imaging has been used for guiding the 
magnet-assisted microrobots within deep tissues [222]. 

3.3. PA imaging for image-guided spinal surgeries 

PA imaging has also been implemented to enhance image-guided 
surgical interventions such as vertebroplasty, kyphoplasty and spinal 
fusion surgery [201,204,223]. In vertebroplasty, bone cement is injected 
through a hollow needle into a fractured bone to bolster its structural 
integrity. In kyphoplasty, a balloon is inserted through a hollow needle 
into a fractured bone, and the area occupied is filled with bone cement 
upon the balloon’s inflation and removal. Traditionally, fluoroscopy 

provides image guidance during these surgeries [224,225]. However, 
X-ray fluoroscopy utilizes ionizing radiation and fails to visualize the 
blood vessels and the nerves within the drill path. PA imaging exploits 
the absorption-based contrast feature of tissues and overcomes this 
crucial obstacle to visualize blood vessels with sufficiently high resolu-
tion and thereby minimizing perforations [61]. sPA imaging at wave-
lengths around λ = 1210 nm can show nerves due to their highly 
absorptive lipid content. Pulsed laser light of wavelengths greater than 
λ = 900 nm can be used for visualizing blood vessels (Fig. 7(g-h)). The 
deployment of two wavelengths in conjunction allows for the guidance 
of spinal surgery needles with sufficient resolution to avoid critical 
neuronal and musculoskeletal structures. In spinal fusion surgeries, 
screws are inserted at the outer layer of the cortical bone pedicle, and 
then passed through the porous cancellous core and into the vertebral 
body. Collateral damage to the surrounding tissues in such a procedure 
may result from the operator’s expertise or images lacking high spatial 
resolution. As previously mentioned, current imaging modalities, 
including CT, and fluoroscopy suffer from harmful ionizing radiation. 
US imaging suffers from angular dependency (which arises from angled 
positions of the instrument placed within the body) and large acoustic 
impedance mismatches between bones and soft tissues [223]. Quanti-
tative PA imaging improves spinal fusion surgery imaging fidelity as it 
can better differentiate cortical and cancellous bone properties as a 

Fig. 7. A) PA imaging for tracking biopsy needles - (a) Sum of all PA frames indicating the path of the biopsy needle. (b) PA imaging tracks the needle tip inside the 
chicken breast tissue. B) PA imaging for guiding robotic surgeries - (c - f) light profile for scissor tool orientations of the Da Vinci® Surgical system. C) PA imaging for 
guiding spinal surgeries – differentiate between tendon and nerve samples are shown in (g) and (h), respectively. PA images of this nerve/tendon pair are super-
imposed on the corresponding US images. A small PA signal from the tendon is indicated with a “V” in (g). The dashed lines are marginal rays that indicate the 
angular range of light emerging from the fiber. The images (g and (h) were normalized to the maximum value of the image (h), and they are displayed on the same 
color scale. The color scale indicates the PA amplitude in dB. D) PA imaging for placing stents - 3D reconstruction of the vessel and stent: (i-k) The 3D image was 
created by acquiring a stack of cross-sectional images and combining them. The ultrasound and photoacoustic signals can be displayed with different transparency in 
the reconstructed image to show the position and shape of the stent within the vessel. E) PA imaging for guiding breast lumpectomy procedures – Zoomed-in (l) UV- 
PAM and (m) H&E-stained images of the excised breast tissue indicating two ducts surrounded by invasive ductal carcinoma. F) PA imaging for fiber tip tracking in 
EVLA procedures – (n) PA imaging accurately tracks the catheter tip within the jugular vein of a canine model. G) PA Imaging for guiding radiotherapy procedures- 
(o) Postoperative US image of three brachytherapy seeds in a canine prostate and (p) PA images of the seeds acquired after euthanasia. The photoacoustic images 
were overlaid on the US images and share the same scale indicated in the corresponding curvilinear or linear US image. 
(A) Adapted from [216]. (B) Adapted from [217]. (C) Adapted from [24]. (D) Adapted from [218]. (E) Adapted from [219] . (F) Adapted from [220]. (G) Adapted 
from [221]. 
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factor of mineral density and composition [223]. The quantitative in-
formation gleaned from the PA imaging help avoid pedicle breaches 
during screw placement. 

3.4. PA imaging for accurate placement of implants and stents 

Current dental implant placement pipelines include ionizing imaging 
modalities such as X-ray and CT to identify the location of teeth, place an 
implant in the correct location, and measure the fixture’s attributes 
(angle, length etc) [226]. Since these procedures may need to be per-
formed multiple times, radiation can accumulate in the body. It may 
lead to complications such as cataracts, hair loss, and the onset of leu-
kemia. The work of Lee et al. demonstrated the combination of US and 
PA imaging for real-time placement of implants and deciphering their 
attributes under the jawbone, eliminating the need for ionizing imaging 
techniques for proper implantation [227]. Coronary stents are used for 
repairing weakened or occluded vasculature. Visualizing the stent 
pre-and post-surgery requires both the accurate placement of the stent 
within the vessel and the proper assessment of the stent’s residence with 
respect to plaques and endothelialization into the surrounding vessels. 
Current imaging procedures like X-ray coronary angiography or fluo-
roscopy are not ideal candidates for imaging these dynamics due to their 
ionizing nature. It is worth noting that 2D projections by X-ray 

fluoroscopy may lead to the underestimation of lumen diameters and 
contacts between the stent and vascular epithelium. Other imaging 
techniques for visualizing stent placement, including MRI, suffer from 
susceptibility to artifact generation and cannot show the contacts be-
tween a stent and a vessel wall. Intravascular ultrasound (IVUS) suffers 
from low contrast and an inability to resolve stent-epithelium contacts 
as well [228–230]. Finally, OCT, although capable of generating higher 
resolution images than PA-US systems, suffers from limited imaging 
depths of about 2 mm [231,232]. As demonstrated by Su et al. [218], 
PA-US imaging can visualize the entire cross-section, its thickness var-
iations, and details of the stent’s geography with respect to the vascular 
lumen and epithelium (Fig. 7(i-k)) and therefore making PA imaging an 
attractive methodology for accurately assessing the placement of stents 
within the vessels. 

3.5. PA-guided breast lumpectomy procedures 

Breast-conserving surgery (BCS) involves removing a tumor while 
minimally excising the surrounding healthy tissue (extent of resection is 
decided by the negative margins observed in histological evaluation) 
[233]. To ensure the lowest probability of tumor recurrence, the correct 
orientation is needed to excise the minimal amount of necessary tissue. 
The lack of intraoperative assessment tools in this regime makes it 

Table 3 
Selected studies in the last decade that utilized photoacoustic imaging for tracking surgical tools and implants.  

Procedure Model Imaging Apparatus 
Central frequency (fc) or 
Bandwidth 

Imaging wavelength 
(nm) 

Imaging depth 
(cm) 

Reference 
(s) 

PA imaging for the guidance of biopsy 
needles 

Blood vessel mimicking phantom, ex vivo pork 
joint tissue, in vivo human fingers 

AcousticX 
7 MHz 

850 nm 2.5 [193] 

Human cadaver Custom system 
3–8 and 6–13 MHz 

- 2 [194] 

Chicken breast phantom, in vivo rats sentinel 
lymph node 

Custom system 
4–7 MHz 

695 nm 1.5 [195] 

Porcine muscle tissue 
Ex vivo 

Custom system 
7 MHz 

800 nm ~2 cm [196] 

Various organs and tissues ex vivo Custom system 
5.5 MHz 

1064 nm 3 [197] 

Rats sentinel 
lymph node in vivo 

Custom system 
2.25 MHz 

675, 690 nm 1.5 [198] 

PA imaging for robotic surgical systems PVC prostrate and gelatin prostrate phantom Custom system 
10 MHz 
5–9 MHz 

532 and 700 nm - [199] 

ex vivo Bovine tissue Custom system 
3–8 MHz 

1064 nm 4 [200] 

Bovine bone embedded in a phantom ex vivo Custom system 
5–14 MHz 

1064 nm 2 [201] 

in vivo swine model Custom system 
2.5 MHz 

750 nm 5 [202] 

PA image-guided spinal surgeries ex vivo sheep vertebrae Custom system 532 nm - [203] 
ex vivo human vertebra Custom system 

3–8 and 1–5 MHz 
750 nm 5 [204,205] 

PA imaging for guiding ablation 
procedures 

Phantom and ex vivo porcine tissue Custom system 
10 MHz 

532 nm - [206] 

ex vivo rabbit cardiac tissue Custom system 
5–10 MHz 

700–800 nm 2.5 [207] 

ex vivo chicken breast and bovine liver tissue Custom system 
8.5 MHz 

680, 700, 760, and 
850 nm 

3.2 [208] 

ex vivo ox foot Custom system 
4 MHz 

700 nm 2 [209] 

in vivo canine tissue Custom system 
10 MHz 

532 nm 1.5 [25] 

PA imaging for guiding and monitoring 
radiotherapy procedures 

Agar phantom and ex vivo porcine tissue Custom system 
7.5 MHz 

800 nm 2 [210] 

in vivo canine tissue Custom system 
4–9 MHz 

1064 nm 1 [211] 

Photoacoustic remote sensing for surgical 
guidance applications 

Brain tissue Custom PARS system 250 & 420 nm - [212] 
Breast cancer - 266 nm 0.005 [213] 
Prostate cancer 266 nm - [214] 

Microrobots Tissue mimicking phantoms Custom system 
11 MHz 

680 nm ~2.5 [215]  
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difficult to confirm the complete removal of tumors, which, in turn, 
opens the door for tumoral regrowth and the necessity of additional 
surgeries. Cytologic evaluation of whole lumpectomy surfaces using 
imprint cytology (i.e., a pathological assessment which provides 
morphological information about the specimen under investigation) is 
limited by extensive time requirements and the necessity for advanced 
operator training [234]. Previously, techniques including optical spec-
troscopy or elastic scattering spectroscopy in the UV wavelength range 
have been used to characterize the breast tumor margins in the surgical 
specimens [235]. In addition, Raman spectroscopy has been used for 
examining the tumor resection cavity [236]. Raman spectroscopy can 
provide specific information about the molecular and biochemical fea-
tures of tissues. However, the long duration scan times render it 
impossible to fit in clinical settings. On the other hand, PA imaging can 
be acquired instantaneously along with US images. The ability of PA 
imaging to obtain information on different chromophores in real-time 
such as nuclei, cytochromes, blood, and lipids at different wave-
lengths, allows it to be used for visualizing the tumor and non-tumor 
regions before, during, and following surgical procedures [236–239]. 
Traditional post-surgical histology examinations by frozen sectioning 
are limited by the difficulties of freezing adipose-rich tissues and the 
time required for analyzing large surface areas. Compared to H&E la-
beling used in histology imaging, PA imaging in the UV wavelength 
range can resolve individual cell nuclei and provides a contrast level 
similar to the conventional histological imaging (Fig. 7(l-m)) [219]. 
Hence, PA imaging facilitates a method for confirming successful tu-
moral excisions following surgery while being entirely label-free (no use 
of exogenous contrast agents). 

3.6. PA imaging for guiding ablation procedures 

In clinical procedures such as EVLA, PA imaging can be used for 
accurate catheter tip tracking [185]. In EVLA, a US-guided catheter 
carrying high power continuous wave (CW at λ = 1470 nm) laser energy 
is placed inside a diseased artery or vein. The localized heat generated at 
the catheter tip due to the incident laser light will seal the vascular 
structure, reducing the probability of thrombus formation, uncontrolled 
bleeding, or ulcer formation. However, due to US artifacts, including 
angular dependency (catheter angled out of the US imaging plane) and 
operator errors including transducer-catheter misalignment, US imaging 
might lose track of the catheter tip due to reflected echoes moving away 
from the imaging plane, which ultimately skews US fidelity [182,185, 
240]. In addition, since the cross-section of the catheter body and the tip 
has similar echogenic features, it is difficult to distinguish different 
ablation fibers in transverse US imaging. PA imaging can be integrated 
with EVLA equipment where the pulsed and CW laser irradiation can be 
delivered using a dichroic mirror in the same ablation catheter [185, 
240]. As previously mentioned, PA imaging provides 
angle-independent, artifact-free, and high contrast images of the cath-
eter tip since the PA signal is generated at the interface between the 
catheter tip and the surrounding medium. The spherical PA waves 
traveling omnidirectionally from the tip allow for accurate catheter tip 
tracking in all orientations. Simultaneously, US imaging produces the 
anatomical structures of the background tissue and the fiber body. 
Hence PA imaging combined with the US imaging can provide high 
contrast in real-time imaging of catheter tips within tissues during EVLA 
procedures (Fig. 7n) [25,182,185,220,240]. 

3.7. PA imaging for guiding and monitoring radiotherapy procedures 

Brachytherapy is a form of radiation therapy where tumor cells are 
destroyed through the localized delivery of a radiation dose from 
radioactive sources placed nearby or within the tumors [241]. Advan-
tages of brachytherapy include minimal exposure to surrounding tis-
sues/organs, localized high dose delivery to tumors, and insensitiveness 
to organ motion suffered by other radiation-based treatment techniques. 

Brachytherapy has been used for treating several types of cancer, 
ranging from brain tissues to skin tissues [242,243]. However, compli-
cations in the existing brachytherapy methods arise due to the migration 
of brachytherapy seeds, edema, and human error [244–246]. Trans-
rectal ultrasound (TRUS)-guided brachytherapy may fail to properly 
visualize seeds due to their small sizes and the generation of artifacts 
reverberating from proximal sources of US reflectance [247,248]. Other 
forms of non-invasive imaging used to confirm successful seed place-
ments may come at the cost of additional radiation, as in the case with 
placements done under CT guidance [249]. In lieu of such risky tech-
niques, PA imaging has been able to confirm the accurate placement of 
cylindrical brachytherapy seeds, without the use of additional radiation 
sources. The seeds themselves provide strong photoacoustic response 
compared to surrounding tissue due to the high absorption of light by 
the seed’s metal shell [210,211,221] (Fig. 7(o-p)). 

3.8. Photoacoustic remote sensing for surgical-guidance applications 

In traditional array transducer based PA imaging system, acoustic 
coupling of the transducer with water or gel is required for propagation 
of photoacoustic waves from the tissue to the transducer. Creating a 
sterile non-contact imaging environment for surgical samples becomes a 
challenge when acoustic coupling is a requirement. Recently, a non- 
contact photoacoustic remote sensing (PARS) microscopy method was 
introduced by Hajireza et al. [250,251] where a nanosecond excitation 
beam is co-focused with a CW probe beam and irradiated onto the target 
tissue. The intensity of the back-reflected “interrogation” probe beam is 
dependent on the optical properties of the tissue. Utilizing the UV ab-
sorption peak of DNA and other cellular chromophores, i.e., without any 
exogenous contrast agents and extensive sample preparation, PARS 
system generated “virtual” histology of the samples. The technique also 
achieved high signal-to-noise ratio (SNR) (40–50 dB) with minimal 
pulse energy of ~40–60 nJ. Through mechanical scanning, a 3D visu-
alization of subsurface nuclear morphology in resected tissues was also 
possible enabling the “on-site” evaluation of surgically resected tissues. 
Currently, the imaging speed for larger tissues is low, and the footprint 
of the imaging head is incompatible for clinical translation. Despite 
these challenges, the present results indicate a significant promise for 
these non-contact technologies, particularly for obtaining information 
on the tissues in situ in an operating room. 

4. PA imaging for real-time thermometry and assessment of 
lesion formation 

4.1. PA imaging for real-time temperature monitoring in therapies 

PA imaging exploits the dependence of the Grüneisen coefficient, a 
measure of the efficient conversion of heat energy to pressure, for non- 
invasively monitoring the real-time temperature changes in tissues [61]. 
The PA signal is defined by: P = Γ(T)μaF =

βc2

Cp
(T)μaF, where the Grü-

neisen parameter (Γ) is a dimensionless value representing the ther-
moelastic expansion efficiency of the medium. The term μa refers to the 
optical absorption coefficient of the target tissue (cm-1). F is the local 
light fluence (J/cm2). The Grüneisen parameter is a 
temperature-dependent multicomponent factor which is constituted by 
the thermal coefficient of volume expansion (β), speed of sound (c), and 
the heat capacity at constant pressure (Cp) [61]. The ability to monitor 
the temperature in real-time is derived from the principle that the 
changes in the surrounding temperature cause changes in the amplitude 
of the PA signal. This relationship is formulated by: ΔT = a ΔP

P , where 
ΔP/P refers to the relative amplitude of the PA signal, a refers to the 
temperature-dependent constant, and ΔT refers to the temperature 
change of the surrounding medium. These features allow PA imaging to 
be utilized as a non-invasive temperature feedback sensor in many 
thermal therapies listed below. 
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During thermal therapies, the heat caused by the ablation laser raises 
the tissue temperature to exceed beyond 50 ◦C [252–255], which in-
duces denaturation, coagulation followed by tissue carbonization. These 
denaturing and coagulation phenomena alter the optical absorption 
properties of tissue chromophores µa. As PA imaging primarily depends 
on µa, PA thermometry procedures to monitor the tissue temperature are 
limited to certain threshold temperatures below 50 ◦C. However, a 
recent study has validated the ability of PA imaging to monitor the 
real-time tissue temperature variations beyond the coagulation tem-
perature (≤ 90 ◦C) [25]. These studies utilize internal 
illumination-based PA imaging, where the laser fluence can be consid-
ered constant and compensated for the temperature-dependent optical 
properties of chromophores including blood and water at higher tem-
peratures. Other tissue chromophores including fat can also be studied 
using this technique. In case of external illumination PA thermometry, 
the need for accurate fluence estimation causes further challenge for 
quantitative temperature measurement. Despite these challenges, efforts 
are being made to estimate the fluence through the tissue using light 
diffusion modeling. A thermal-energy-memory-based PA-based ther-
mometry technique overcomes these challenges and provides direct 
monitoring of the absolute temperature of the tissue [256]. Overall, 
current PA imaging techniques utilizing external illumination 

procedures suffer from these limitations, and quantitative thermometry 
is limited to a certain temperature range, often not exceeding 50 ◦C. The 
temperature is computed by estimating the Gruneisen parameter 
through a self-normalized ratio-metric measurement which eliminates 
temperature-irrelevant quantities including the optical properties of 
tissues. 

4.1.1. PA imaging for in vivo temperature monitoring during cryotherapy 
Cryotherapy is a minimally invasive technique that utilizes localized 

freezing for tissue destruction, and reduces irritation and inflammation 
caused by entrapped nerves. In addition to treating nerve-related issues, 
cryotherapy can also treat other diseases such as atopic dermatitis and 
prostate cancer [257–259]. In cryotherapy-based prostate cancer treat-
ments, TRUS-guided cryoprobes consisting of pressurized argon gas 
(cooled below − 100 ◦C) are placed inside a tissue [260]. Due to the 
Joule-Thomson effect, the tissues surrounding the cryoprobe are frozen 
in a localized fashion based on the concentration and pressure of argon 
and/or helium in the treated region. Freezing and thawing cycles are 
controlled by thermal needle sensors placed near the targeted region, be 
it a lesion, the urethra, or rectal wall. The first freezing cycle is activated 
via expanding argon/helium until the temperature of the lesion reaches 
a lethal value. Repeated compression-decompressions of the gas in use 

Fig. 8. A) PA imaging to monitor temperature during in vivo cryotherapy procedures - (a) The temporal temperature profile reconstructed for the high contrast 
object (blood vessel inside the ROI; for comparison, the temporal logged by the nearby thermal sensors are shown by the black and blue solid lines. (b) the prostrate 
of the dog was excised and dissected following the cryotherapy to show transverse sections across the urethra demonstrating damage induced by the freezing B) 
Volumetric optoacoustic monitoring of temperature during MIFU therapy - (c) Transverse and lateral MIPs of the reconstructed optoacoustic volumes at different 
points during the procedure. (d) Time corresponding to the different treatment phases, being 5 s before the MIFU system was switched ON, 17 s at the maximum 
heating stage and 37 s at the post-treatment thermal expansion period. C) PA imaging for monitoring temperature during EVLA procedures - (e) plot indicating the 
variations in PA amplitude with changes in temperature caused by the CW laser carried by the catheter placed within the jugular vein of a canine model. D) PA 
imaging for monitoring temperature during PTT - (f) Gold nanorods, a theranostic agent, used for combined US and PA imaging and PTT. US and PA images of the 
mouse tumor injected with gold nanorods. The tumor region is shown in a white inset in the ultrasound image. The PA image shows higher contrast in the tumor area 
due to the accumulation of gold nanorods. Thermal image of a subcutaneous tumor in nude mouse. During the PTT procedure, approximately 25 ◦C temperature rise 
was observed in the tumor. E) PA imaging for monitoring lesion formation during RFA ablation - (g) Single wavelength PA image (710 nm) overlaying US image with 
ablated and non-ablated ROI’s. (h) Mean ROI photoacoustic signal plotted vs. wavelength. (i) Tissue characterization map. (j) Reference spectra for ablated (averaged 
over eight samples from two hearts) and non-ablated (derived from optical extinction data from deoxyhemoglobin) tissue. 
(A) Adapted from [264]. (B) Adapted from [265]. (C) Adapted from [240]. (D) Adapted from [266]. (E) Adapted from [267]. (C) Adapted from . 
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allow for repeated freezing cycles, which can be tuned to the desired 
level of tissue destruction. In rectal applications, the performance of 
cryotherapy depends on the temperature of the surrounding tissues and 
the formation of an ice ball proximal to the rectal wall [261]. Current 
imaging procedures, like TRUS, can partially estimate the damage 
caused by the ice ball to the surrounding tissues. However, it does not 
depict the entire boundary of the ice ball at temperatures around 20 ◦C 
[262]. PAT has been successfully implemented for monitoring the 
real-time temperatures of cryotherapy procedures by integrating a 
fiberoptic bundle coupled to a pulsed laser operating at 805 nm wave-
length range (Fig. 8(a-b)). Since the amplitude of the PA signal increases 
with the surrounding temperature [240], the amplitude of a PA signal 
can be used as a proxy for monitoring the temperature of tissues during 
cryotherapy procedures. In addition, highly optically absorptive prop-
erties may themselves act as a temperature sensor [263]. This provides a 
similar PA signal response in all types of vascularized tissues regardless 
of the surrounding tissue composition, bestowing the ability to generate 
temperature maps of vascular regions for therapeutic surveillance 
[259]. 

4.1.2. PA imaging for monitoring tissue temperature during high and 
medium intensity focused ultrasound therapy 

Therapeutic US has been used to treat maladies, including tumors, 
kidney stones, injured muscles, and neurological disorders [268,269]. 
High-intensity ultrasound waves delivered from the focal region of a 
high-intensity focused ultrasound (HIFU) transducer are subsequently 
absorbed by the soft tissues in the target area. The absorption of HIFU 
energy induces a rapid increase in temperature, courtesy of 
vibration-induced friction leading to tissue coagulation, and may cause a 
cell to undergo irreversible commitment to self-destruction in addition 
to damaging tumor-feeding blood vessels [270]. The effectiveness of 
HIFU treatments depends on proper monitoring and the composition of 
the treated tissue, and thus its subsequent acoustic properties. Current 
imaging modalities like MRI are limited by high cost, while US imaging 
is limited by low native imaging contrast, sensitivity, and resolution 
[271–273]. Once again, PA imaging demonstrates its usefulness in this 
application as it provides high optical contrast in deep regions (up to 
5 cm) within the body. Cui et al. successfully implemented a PA mi-
croscopy system equipped with a HIFU module to demonstrate HIFU’s 
ability to destroy tissue; in their case of swine liver embedded within 
chicken breast tissue, showing both the magnitude of the destructive 
HIFU effect on a human organ proxy and PA imaging’s ability to suc-
cessfully track it [274]. In addition to HIFU, medium-intensity focused 
ultrasound (MIFU) has acoustic intensity levels ranging between 
echography and HIFU (5–300 W/cm2) [265]. Like HIFU, MIFU can be 
used to induce thermal effects in soft tissues during physiotherapy and 
cancer therapy procedures, adding another tool to the US treatment 
arsenal depending on the tissues in need of treatment at different 
penetration depths [275]. Treatment outcomes from MIFU rely heavily 
on temperature monitoring and the duration of the exposure. Forfeiture 
of either parameters may result in the unintended destruction of 
non-target tissues or the undertreatment of the target zone. The work of 
Landa et al. demonstrated that four-dimensional (4D) PAT could accu-
rately monitor and provide real-time feedback about the temperature 
changes during tissue heating in MIFU procedures via the generation of 
3D maps of local tissue temperatures at various time points, allowing for 
the acquisition of highly spatially specific temperature changes that may 
have otherwise been overlooked using traditional 2-dimensional images 
(Fig. 8(c-d)) [265]. 4D PAT provides effective control of the targeted 
tissue’s exposure time and prevents overheating the tissue beyond safe 
levels. PA-based temperature mapping was performed due to the 
dependence of the temperature-dependent Grüneisen parameter. The 
temperature distribution was estimated based on the Grüneisen 
parameter of water since tissues used in the experiment contained 75% 
water. However, accurate calibration in vivo is challenging as precise 
temperature calibration depends on the fluence estimation and the 

varying optical properties of tissue chromophores, which change at 
higher temperatures. 

4.1.3. PA imaging for real-time temperature monitoring in EVLA procedures 
Current EVLA procedures cannot visualize changes in temperature 

while underway, as most EVLA procedures rely upon US imaging alone 
as the chosen method of image guidance. The lack of temperature 
monitoring reduces therapeutic precision and efficacy. It may also result 
in damage to perivenous tissues could cause endovenous heat-induced 
thrombosis formation and unnecessary pain and discomfort for the pa-
tient [276,277]. By exploiting the amplitude of PA signals and its pro-
portionality to the surrounding temperature, PA imaging can be used to 
monitor temperatures at the fiber tip in real-time [25], as demonstrated 
by John et al. within the jugular vein of a canine model [220] (Fig. 8(e)). 
As previously mentioned, PA imaging procedures need an accurate laser 
fluence estimation at the target location to ensure the accuracy of both 
the US signal generation and the temperature within the target area. 
Estimating the delivered laser fluence in external illumination scenarios 
is difficult due to the complex light diffusion, absorption, and reflective 
dynamics that heterogeneous tissues exhibit. However, by utilizing in-
ternal illumination techniques, light fluence remains constant because 
the PA signal is generated at the interface, where light interacts with the 
surrounding medium immediately, removing the confounding influence 
of signal distortion as it travels through heterogeneous tissues. Hence, 
PA imaging utilizing internal illumination faces fewer challenges in 
providing accurate temperature monitoring within the vasculature. 

4.1.4. PA imaging for monitoring the temperature of the fundus of the eye 
during laser irradiation 

Light and heat-based therapies such as CW photocoagulation, PDT, 
and transpupillary thermotherapy offer a wide array of options for 
treating diseases of the retina [278,279]. The effectiveness of procedures 
that rely on temperature changes as a basis for therapeutic action re-
quires non-invasive monitoring of the temperature of retina to prevent 
damage in regions outside of the target area. In photocoagulation, 
heating of the retinal tissue causes denaturation of proteins when local 
temperatures increase above 65 ◦C [254]. The work of Schüle et al. 
demonstrated the successful non-invasive monitoring of the increase in 
tissue temperature using a neodymium-doped yttrium lithium fluoride 
laser of wavelength λ = 527 nm and 500 Hz pulse repetition frequency 
(PRF) in both porcine cells and the eyes of living humans. The system 
was capable of detecting temperature fluctuations as small as 1 ◦C 
[280]. By deploying a unique contact lens to immobilize the eye and 
limit refraction, they were able to tune the frequency of pulsed laser 
energy, enabling precise control over local temperature increments. 
These measurements were essential to avoid the destruction of the 
neuron and photoreceptor populations within the target window. Such a 
precisely controlled thermal therapy will pave the way for future ad-
vancements and accurate personalized treatment of eye-related 
malidies. 

4.1.5. PA imaging for monitoring temperature in photothermal therapies 
PTT is a minimally invasive procedure used to treat a multitude of 

cancers, including those of head, neck, liver, skin, breast, bladder, and 
cervix [281]. PTT involves deploying light-absorbing dye or nano-
particles, which can convert electromagnetic radiation into cytotoxic 
heat upon stimulation. As with numerous other light-based therapies, 
temperature monitoring during PTT plays a critical role in determining 
its efficacy. Photothermal cancer treatment is performed by selectively 
heating a small number of cancer cells, which induces apoptosis, ne-
crosis, or necroptosis in a sufficiently precise fashion to target lesions 
proximal to vital organs [282]. Tumor-targeting photoabsorbers such as 
gold nanoparticles [266] or dyes are irradiated with a high-intensity CW 
laser at the NIR spectrum to generate the cytotoxic heat (Fig. 8(f)). The 
efficiency of the treatment is dependent on the localization and accu-
mulation of photoabsorbers at the tumor site [281], along with the 
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successful monitoring of the temperature increase to achieve cell death 
(42 – 60 ◦C) [255]. It should be noted that a cell is far more sensitive to 
the increase in the internal temperature relative to external surrounding, 
and the internalization of a photoabsorber by a cell increases the speed 
at which the death pathways may be activated [282–285]. Current im-
aging modalities like MRI and US imaging, though used for monitoring 
changes in tissue temperature, suffer from motion artifacts and low 
acoustic contrast during PTT [286–288]. The advantage of using PA 
imaging for monitoring PTT is two-fold. First, PA imaging can be used to 
locate tumors deeply embedded within the organs [61,281]. For 
example, PA imaging has been used to determine the location of tumors 
during PTT of liver cancer (Hepatocellular carcinoma) [289] and breast 
cancer [290]. Furthermore, the photoabsorbers used for PTT can also 
improve the contrast of the cancerous lesions in PA imaging when 
illuminated with a laser tuned to the wavelength specific to the photo-
absorbers. Secondly, the PA signal is highly sensitive to the change in 
temperature compared to ultrasound waves due to the dependence of 
both the volume expansion coefficient and the speed of sound on tem-
perature. More recently, numerical studies performed on realistic 
phantoms (such as the mouse head with glioblastoma tumor [39,55, 
291]) reveal the complexities involved in PTT dose with and without the 
use of nanoparticle systems. Such mathematical models can advance the 
utility of personalized PTT for patients together with progress in PA 
imaging and developments in nanotechnology. 

4.2. PA imaging for real-time assessment of lesion formation during 
ablation procedures 

The optical properties of the tissue change during the thermal 
ablation procedures such as laser and radiofrequency ablation (RFA). 
Since PA imaging is sensitive to detecting a contrast in optical absorp-
tion of tissues, it can be a suitable platform for non-invasive monitoring 
of lesion formation and tissue characterization. 

4.2.1. PA imaging for real-time assessment of lesion formation in cardiac 
ablation procedures 

The temperature monitoring capability of PA imaging has been 
successfully implemented in RFA, also termed electrosurgery. Electro-
surgery involves alternating RFA current for the destruction of diseased 
tissues. Electrosurgery is often deployed in dermatology, oncology, and 
cardiology to treat cardiac arrhythmias [292,293]. Successful surgeries 
depend on the precision of catheter guidance and the correct evaluation 
of the desired clinical endpoint, whether it be the destruction of part of a 
cardiac-neuronal circuit or its stimulation and restoration to a prior 
firing pattern. Of the imaging techniques used to monitor surgical suc-
cess, IVUS imaging fails to visualize lesion formations accurately due to 
limited contrast [294]. MRI is limited by high costs and the requirement 
of exogenous contrast agents (gadolinium), and infrared thermal imag-
ing is restricted to superficial layers. OCT allows for monitoring tissue 
temperatures but cannot provide data on the formation of lesions. Under 
external illumination of λ = 780 nm, PAT has been demonstrated to 
evaluate the formation of lesions in real-time following ablation pro-
cedures, owing to the boost in PA signal generated from coagulated 
tissues [295]. Atrial fibrillation is a cardiac arrhythmia resulting from 
aberrant electrical activation patterns originating from the atrial wall 
rather than the sino-atrial node. Alternating RFA may resolve or 
diminish these misregulated neuronal firings by causing tissue necrosis 
via heat generated by the movement of ionic cellular components in 
response to the radiofrequency current. Imaging methods including 
OCT, NIR spectroscopy, and auto-fluorescence hyperspectral imaging 
lack reliable information regarding lesion formation in terms of depth. 
In contrast, US imaging may struggle to demarcate tissue borders in 
echogenic heterogeneous regions [296–301]. The curvature of the atrial 
wall also makes it difficult to align a US beam relative to the lesion site 
properly. Single-wavelength PA imaging accurately visualizes the center 
of a lesion but cannot completely distinguish between ablated and 

non-ablated tissues (myocardium tissue) [302]. To this end, by 
exploiting PA signal-absorption coefficient dependency, sPA imaging in 
the wavelength range of 740 – 780 nm was performed by Dana et. al. 
[267] to successfully differentiate ablated and non-ablated tissues in 
excised porcine ventricles (Fig. 8(g-j)). The PA signal strength from the 
ablated region decreased at a certain wavelength (near λ = 760 nm) and 
exhibited a peak corresponding to the non-ablated area. The peak in the 
PA signal was due to the absorption of deoxyhemoglobin, which is a 
strong absorber in harvested, oxygen-depleted tissues. Additionally, 
other sPA imaging studies of the heart performed by Iskander-Rizk et al. 
utilized wavelengths 790 nm and 930 nm for detecting lesions with a 
diagnostic accuracy of 97% [303]. Recent studies developed a PA-US 
theranostic endoscope that provides simultaneous imaging and ther-
apy. In contrast to poor images provided by traditional ablation endo-
scopes [304,305], their theranostic endoscope provided high-contrast 
functional and anatomical information about the target tissue. The 
unique size of the endoscope allows it to be used in a variety of clinical 
applications [306–308]. Further, the endoscope was even able to 
distinguish between different tissue types and confirmed the extent of 
tissue ablation using tissue correlation maps. The tissue-temperature 
monitoring capability allowed the system to minimize complications 
and enhanced laser ablation assisted atrial fibrillation procedures. 

4.2.2. PA imaging for real-time assessment of lesion formation in liver 
ablation procedures 

Percutaneous RFA is a localized treatment for tumors in several or-
gans including liver, and it provides a minimally invasive method for 
destroying nerves [309]. RFA involves applying heat to a target tissue, 
generated through alternating current carried by the needle-based 
electrode and surface-based ground pads. Currently, this procedure is 
limited due to difficulties in monitoring the precise position of the 
electrodes, which may lead to the recurrence of tumors, missing a target 
nerve in need of destruction, or causing the destruction of off-target 
tissues [310]. The need for contrast agents and the ionizing radiation 
generated in CT imaging curbed its widespread deployment [311]. The 
lack of real-time monitoring capabilities limits the utility of MRI imag-
ing in guiding RFA procedures. Similar to the PA imaging of biopsy 
needles as described in previous section, several artifacts are also pre-
sent when visualizing electrodes in US imaging [183,240,312]. In 
addition, larger tumors confound the ability of US imaging to estimate 
the amount of ablation that has taken place as a factor of tumoral het-
erogeneity, and the US imaging may be unable to distinguish proximal 
vasculature, which may act as a heat sink and lessens the degree of tissue 
ablation [313]. As PA imaging exploits the optical absorption properties 
of Hb and HbO2 to visualize blood vessels and detect lesion formation 
based on changes in tissue absorbance, its integration with RFA pro-
cedures will undoubtedly improve gauging therapeutic efficacy [61, 
314]. The ablation monitoring capabilities of PA imaging were 
demonstrated and validated in ex vivo bovine liver samples [309,312]. 
PA imaging of the ablated tissue revealed a decrease in the PA signal 
intensity due to the reduction in the optical absorption properties and 
increased scattering of ablated tissues. 

4.3. PA imaging for monitoring therapy-induced changes in vasculature 
and oxygenation in non-oncologic applications 

As previously mentioned, PA imaging is a facile and low-impact 
method of imaging several functional systems in the body. One of the 
PA imaging’s most salient features is its ability to glean oxygenation 
dynamics, an important parameter pertaining to nearly every malady of 
the human body [22,315]. Although limited to diffusion and 
absorption-based metric as a function of imaging depth, PA imaging can 
be used non-endoscopically up to a depth of few centimeters depending 
on the illumination wavelength. This makes it easily integrable for 
monitoring various therapies including those in non-oncological ma-
lignancies such as stroke, aberrant vascular network junctions (termed 
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anastomoses) in the developing embryo, and rheumatoid arthritis. 

4.3.1. Detection of strokes using PA imaging 
Ischemic or hemorrhagic strokes account for ~10% of human deaths 

globally and are exceptionally difficult to predict [316]. Rapid treatment 
is of paramount importance to minimize cell death from oxygen depri-
vation, and the progress of either oxygen deprivation or restoration 

following the treatment may be monitored using PA imaging. The work 
of Deng et. al. demonstrated the successful deployment of PA imaging 
for observing strokes in mice to this end, illustrating marked changes in 
blood volume and flow when paired with laser speckle imaging [317]. In 
their experiments, ischemia was induced surgically. It showed a drop of 
blood flow in arteries down to 34.13% of nominal at 60 minutes 
post-ischemia point and a further decrease in blood volume down to 

Fig. 9. (a) PA imaging overlaid on US background to demarcate regions of oxygenation of the developing mouse at various developmental points under 810 nm light 
and US transduction of 40 MHz. PA imaging intensity displayed in the strength of the PA signal breached the median value. Otherwise, the US image is presented 
alone. Scale bar = 200 mm, embryo (Em), fetus (F), placenta (P), and uterus (U) demarcated. (b) PA imaging for the detection of strokes. SO2 content (above) and 
blood flow direction (below) as extracted by PA imaging of the intact mouse skull. Imaging depth reached 400 µm without losing resolution of fine vascular processes 
as denoted by the white arrows highlighting a proximal arteriole and venule. pO2 map coded as higher (red) and lower (green) values, extracted from λ = 532 and 
λ = 559 nm laser illumination. Blood flow direction was mapped by contrasting forward and backward B-scans and the Doppler shifts of RBCs to infer their direction 
of movement. A white arrow denotes arteriole. Scale bar = 500 µm. (c) PA imaging for the detection of strokes. ViTuBi map of bifurcation events in mouse ear 
vasculature. Generated by a composite of PA images from λ = 415 nm illumination and applying a filter that bins the likelihood of a bifurcation based on vascular 
convolution (or decreased RBC speed). Orange regions correlate to the emergence of a bifurcation toward the screen on the z-axis of the image. Scale bar = 50 µm. (d) 
PA imaging for cancer detection and staging. Composite sO2 map of thyroid region of a human patient with a malignant tumor, generated from spectral unmixing of 
z-stacked US and PA images from λ = 700, 756, 796, 866, and 900 nm illumination. The tumor nodule exhibits decreased oxygen perfusion relative to the thyroid, 
and excision-critical features as the carotid artery and jugular vein can be easily identified. Th = thyroid, N = tumor nodule, CA = carotid artery, JV = jugular vein. 
(A) Adapted from [322]. (B) Adapted from [320]. (C) Adapted from [323]. (D) Adapted from [41]. 
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74.63% of nominal 1-hour after ischemia was induced. The drop in 
blood flow was continued as the sampling time post-ischemia increased. 
It should be noted that their imaging began 15 minutes after the in-
duction of ischemia, a critical window in humans to avoid damage to the 
brain [318]. Another important aspect to consider from Deng et al.’s 
work was that of the blood flow rates. Although blood flow rates starkly 
decreased at all time points, blood volume increased within 20-minutes 
post-ischemia. This compensatory process is regulated by the body and 
must be understood to avoid skewing blood-related data and stroke 
prognoses during clinical assessments. In addition, variability between 
arteries and veins blood flow and volume was another essential 
consideration that may lead to under- or over-estimating the impact of a 
cranial infarct. Addressing the highly time-sensitive nature of stroke 
diagnosis and treatment, Lv et al. developed a PA imaging system that 
was able to detect an infarct 5 minutes after onset; however, exogenous 
contrast agents were necessary [78]. As imaging technologies improve, 
the features such as high-resolution vascular maps deeper within the 
brain using PA will follow suit. 

Great strides in the study of vascular structures following stroke were 
possible due to non-invasive PA imaging. For example, in the study by 
Hu et al., the vasculature and pO2 content of the mouse cranium 
following cerebral artery occlusion-induced stroke was monitored using 
PA imaging at 563 and 570 nm [319]. Their work demonstrated that 
microvasculature, although absent from vascular images 60-minutes 
post-occlusion, re-perfused following the release of the cerebral artery 
occlusion. They also showed that arterial sO2 returned to normal, and 
venous sO2 values increased to nearly arterial levels. These findings 
serve as an excellent model upon which to base human stroke dynamics 
and have the potential to offer an avenue of improving treatments by 
establishing a standard perfusion and sO2 model of re-oxygenation 
patterns. Another study by Ning et al. showed that the potential of PA 
imaging to image vascular structures, pO2 values, and blood flow rates 
through the intact mouse skull at a depth of 400 µm (Fig. 9(b)) [320]. By 
implementing algorithm-controlled dynamic focal plane adjustments 
paired with the simultaneous US and PA imaging, the data on functional 
dynamics in the parietal and temporal cortices were deciphered. This 
setup, although covering only a small portion of the total brain vascu-
lature, will be of great utility in the study of more superficial vasculature 
and neuronal cell types affected by stroke. The pairing of Ning et al.’s 
work with future developments in endoscopic imaging will undoubtedly 
pay dividends in the study of deeper vascular regions of the brain and 
may also be combined with a multitude of genetically encoded neuronal 
signaling sensors to understand brain physiology under the lens of dis-
ease progression and recovery at an unprecedented scale [321]. These 
advances in PA imaging along with parallel computing would be critical 
for establishing normative models to decipher stroke and other human 
brain functions [39]. 

Another important facet of treating strokes and other maladies which 
affect vasculature is the dynamics of angiogenesis following an infarct or 
other sources of vascular challenge. Novel bifurcations of vasculature 
indicate network re-arrangement and/or angiogenesis events and B. van 
der Sanden et al. have produced a tool for effectively characterizing 
these bifurcations in vivo [323]. Their tool termed Virtual Tubes out of 
Bifurcations, or ViTuBi, is an algorithm-based method of bifurcation 
detection that relies on applying a filter to z-stacked PA images of the 
vasculature to determine the probability that a bifurcation is present 
(Fig. 9(c)). Said filter makes these determinations as a product of 
vascular complexity, determined by comparing 8 PA image-stacks at a 
time against the averages of 50. If RBC movement is above the threshold 
of the binning algorithm, a bifurcation extending out of the imaging 
plane along the z-axis is proposed to exist. Van der Sanden et al. pro-
posed ViTuBi to be more sensitive than previous bifurcation predicting 
algorithm-based methods such as Angiotool [324]. However, they warn 
that ViTuBi may overestimate bifurcation events, as the algorithm might 
bin vasculature that is not parallel to the imaging plane or exhibits high 
directional or diametric complexity. The authors intend to deploy this 

technique for the study of tumor angiogenesis, but its deployment for the 
study of post-infarct angiogenesis in the brain may also prove extremely 
useful for diagnostics and therapeutic planning. It should be noted that 
the brain is not composed of only neurons and vasculature, but a wide 
range of cell types including non-neuronal varieties. As greater under-
standing of these systems come to light, their pairings with the study and 
development of the future PA imaging systems will propel the field of 
stroke-related medicine and neuroscience forward. 

4.3.2. PA-guided functional Imaging of the placenta 
On the opposite end of the spectrum from treating maladies that arise 

in fully developed humans, PA imaging has been implemented to study 
and treat maladies pertaining to fetal development, most notably the 
oxygenation dynamics of the placenta (Fig. 9a) [322]. Acting as a filter, 
organizer, and conductor of fetal nutrient delivery and as an avenue for 
eliminating metabolic waste, proper functioning of the placenta is crit-
ical for nominal fetal development. Placental development and differ-
entiation are extremely complex, involving several plasma membrane 
fusion-mediated molecular events that restructure gene expression 
profiles to reprogram cells from cytosolic independence on the periph-
ery of the developing blastocyst to placenta [325,326]. Several factors in 
maternal diet can affect how this intricate process unfolds. Further study 
of its developmental underpinnings paired with PA imaging technolo-
gies will serve as an indispensable means of assessing and facilitating 
critical oxygen dynamics during development [327]. 

The work of Maneas et al. serves as an excellent example of the utility 
of PA imaging in deciphering vascular function during the fetal devel-
opment process [81] PA imaging was capable of demarcating vascula-
ture in deeper tissues that otherwise might be overlooked via white light 
imaging. In addition, contrast was obtained from the scar tissue post 
laser coagulation treatment. Future developments in the realm of 
endoscopic PA imaging systems will likely see such highly detailed ox-
ygen dynamics as gleaned from their work moving into the in vivo arena 
for treating developmental disorders in humans. In another study by 
Yamaleyeva et al. [32] placental vasculature and sO2 values were used 
to predict fetal nutrient insufficiency or the development of fetal hyp-
oxia. Other methods of sO2 acquisition such as MRI and contrast imag-
ing, are prohibitively expensive for their wide adoption and have less 
than ideal data acquisition speed. Using PA imaging, they were able to 
confirm the relationships between hypertensive or hypoxic mothers, 
placental oxygen dynamics, and the resulting effects on fetal develop-
ment [32]. In addition, PA imaging conferred increased sensitivity over 
current standards for assessing these placental-fetal relationships as 
scalp pH, scalp pO2, electrocardiography, pulse oximetry, and heart rate 
monitoring. Their oxygenation levels easily defined various disparate 
regions of the placental-fetal juncture via PA imaging, which may be 
used as a standard or control for future imaging studies. Using murine 
models of preeclampsia, Lawrence et al. noted that the onset of placental 
hypoxia can induce hypertension and increased translation of 
hypoxia-inducible factor 1α (HIF-1α), a known promoter of several 
pro-tumor progression pathways to include epithelial-mesenchymal 
transition [33]. This cascade of detrimental changes to the mother’s 
vascular and proteomic dynamics illustrates the diverse array of effects 
that can result from misregulated oxygenation dynamics of the placenta, 
increasing the mother’s risk for both atherosclerosis, heart disease, and 
the tumor-proliferative influence of HIF-1α [328]. 

Fetal development is a complicated process, requiring proper 
genomic sequence, epigenomic modifications, and several precisely- 
timed cascades of transcription factors and cell signaling activity, 
[329]. Modern understanding of human fetal development is still based 
mainly upon libraries of preserved embryos. However, transcriptional 
profiling and cutting-edge imaging technologies are making great strides 
toward chronicling the steps and checkpoints of molecular activity 
necessary for healthy development [330–334]. PA imaging has once 
again carved out a unique place among these technologies, as its ca-
pacity for imaging vasculature and oxygen dynamics in a non-invasive 
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fashion has proven to be indispensable. Future developments in the 
pairing of mesoscale imaging systems and endoscopic PA imaging will 
serve to enhance both the scientific knowledgebase and therapeutic 
reach of applications to developmental disorders and dysfunction. 

4.4. PA imaging for the detection of rheumatoid arthritis 

Rheumatoid arthritis (RA), an inflammatory autoimmune disease, 
affects 0.24% of the human population and may progress to an immu-
nological attack of the organs in addition to causing tremendous joint 
pain [335]. As is the case with cancer, the emergence of a state of 
inflammation and destruction around fluid-filled regions of the joints is 
a detailed summation of both genetic and environmental influence, 
making its treatment complex. Expression levels and the 
activity-regulation of tumor necrosis factor cytokines and their subse-
quent interplay with innate and adaptive immune cell receptors are the 
primary means of RA progression in the genomic and cellular domains. 
At the same time, such agonists as infection and microbiome activity 
have been shown to influence RA progression in the environmental 
domain [336]. The actions of both regimes are affected by molecular 
dynamics to include pO2, pCO2, pH, and the presence of ROS, all of 
which are beholden to existing or novel vasculature. Because of this, the 
study of RA via PA imaging has made great progress in the early 
detection and assessment of RA, which in turn improves therapeutic 
outcomes. Utilizing a λ = 750/850 nm PA imaging setup paired with a 
7 MHz US transducer, Joseph et al. were able to successfully confirm the 
presence of a hypoxic state and neovascularization events in the hin-
dlimbs of mice [337]. In vivo imaging of these dynamics over 20 days in 
arthritic mice was achieved by Guo et al.[338]. They administered free 
and micellated dexamethasone to ameliorate the effects of complete 
Freund’s adjuvant induction into an inflamed/arthritic state [338]. 
Following PA and US imaging, histological analysis confirmed the cor-
relations of PA signal intensity as a proxy for relative hemoglobin con-
centration, thus angiogenesis events, to structural aberrations in 
arthritic mice. In addition, they were able to apply their imaging setup to 
human joints, and future applications of PA imaging to clinical volun-
teers undergoing treatment for RA would further serve as a method for 
improving the validation of PA imaging’s power to predict early in-
dicators of the onset of RA such as hypoxia and angiogenesis around 
synovium. 

5. Challenges for broader adaptation of the technology and 
future directions 

PA imaging, since its inception in 1880 by Alexander Graham Bell 
[339,340], has traversed a long path and is now on the verge of 
becoming a vital tool in the armamentarium of clinical imaging tech-
nologies with many developments in the US, laser, and image processing 
fields. Some of the roadblocks that exist for broader adaptation of the 
technology for clinical applications include limited penetration depth, 
low temporal resolution compared to US imaging, relying on operator 
expertise to decipher artifacts and need for application dependent light 
delivery and detection scheme (i.e., lack of a universal system adaptable 
for imaging several areas in the body such as X-ray). Unlike MRI, CT, 
PET, and SPECT modalities, it is impossible to get whole human body or 
organ level images with PA imaging due to the limited penetration depth 
of the visible and NIR wavelengths in the tissue. More recently the 
develop the utility of NIR II window for deep tissue imaging has been 
demonstrated by several groups [341]. Though the fluence at the NIR II 
window of wavelengths is low, future developments in this area can 
push the penetration depth limits of PA imaging. Another aspect 
impacting light penetration depth is the melanin content and the 
pigmentation in the skin [136]. The variations in skin tone can impact 
light penetration and quantification. A recent study by Mantri et al. 
provided the correction factor based on the skin type to compensate for 
the discrepancy in oximetry measurements [134]. Further compensation 

methods that include skin thickness and age is needed when clinically 
utilizing the technology on patients with broad range of skin types. 
Despite the limitation on penetration depth, high spatial resolution of 
the technology has proven to be useful in deciphering vascular infor-
mation of the pathologies using endogenous contrast as described in this 
review. An added complexity here is that light fluence is directly 
impacted by the tissue optical absorption and scattering properties, 
thereby fluence compensation to quantify absorption in tissue is math-
ematically complicated problem. The utilization of various light illu-
mination schemes (single fiber illumination, tomography, bi-directional 
multi-directional illuminations) exacerbates the complexity. Consid-
ering the light illumination to gauge fluence at the target of interest in 
the body to quantify optical absorber concentration remains a challenge. 

Conventionally PA imaging employs high energy class IV Q-switched 
pulsed laser to obtain image with high SNR while the overall perfor-
mance of the system depends on the high spatial resolution and fast 
temporal resolution that can be achieved. Even though PA imaging can 
provide functional information, its potential in real-time clinical appli-
cations is hindered by the low data acquisition speed that depends on the 
PRF of the lasers used which are typically less than 100 Hz [342,343]. In 
the recent decades, advancements in the semiconductor technologies led 
to the development of laser diodes and light emitting diodes (LED) to 
overcome the limitation of low PRF of Q-switched lasers. Particularly 
LEDs have very high PRF in the order of up to 16 kHz which results in an 
imaging frame rate of up to 60 Hz that is much higher than the 
Q-switched laser PA imaging systems [51,344,345]. Several clinical and 
preclinical studies have demonstrated the feasibility of compact, 
low-cost LED based PA imaging systems in potential real-time clinical 
applications. Particularly Wang et. al., demonstrated in a clinical study 
that LED based PA imaging systems can serve as a potential diagnostic 
imaging modality for inflammatory arthritis [346]. Other studies have 
validated the LED based PA imaging for vasculature imaging, moni-
toring angiogenesis and functional oxygen saturation imaging [51, 
347–349]. The main drawback of the LEDs in comparison to the 
Q-switched lasers is that they have relatively low pulse energy. The 
energy output of LED array is in the order of 200 µJ per pulse. The high 
signal to noise ratio with the low pulse energies of LED can be 
compensated by exploiting their high PRF and averaging multiple 
frames. By averaging 384 frames the SNR of LED based PA imaging 
system can be improved by 20 times and the performance of system can 
be made comparable to lasers with peak energy of 8 mJ/pulse [51,344, 
350]. Although averaging results in increased SNR, it reduces the im-
aging frame rate. There are few drawbacks in the LEDs based PA imaging 
system that needs to be addressed to have maximum impact in clinical 
applications. The current design of LED arrays has either single or dual 
wavelength emission as a result they cannot be spectrally tuned to other 
wavelengths which limits their use in multispectral PA spectroscopy. 
The low power of LED limits the penetration depth and affects SNR at 
high imaging frame rate. Lastly, the temporal pulse width of LEDs is 
larger than the lasers pulse width which imposes the limit on the spatial 
resolution of the system. Overall, despite the limitations, LEDs are sig-
nificant advancements in PA imaging due to their flexible pulse-width 
settings, low-cost, compact nature, and high PRF and hold potential in 
real-time imaging. 

Preclinical PA imaging systems employ either 2D array or 1D array 
or single element US transducers for image acquisition [23,351,352]. 
These systems generally acquire 2D images but real-time 3D visualiza-
tion of a tumor or the surrounding vasculature would be highly bene-
ficial and can expand the applications of PA imaging in many clinical 
settings. Often these PA systems employ automated 3D scanning with 
motorized electronic controls or mechanical 3D probe for facilitating 3D 
PA image acquisition. However, these scanners tend to be bulky and 
wouldn’t be ideal for handheld operation [352,353]. Various ways have 
been developed to convert traditional PA imaging systems into handheld 
systems and a comprehensive review on them has been published else-
where [354]. While PA images have high optical contrast-to-noise ratio, 
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the quantitation of chromophore concentration along with fluence 
compensation and artifact reduction are still a challenge. Several 
research studies the feasibility of using a light diffusion model to achieve 
a quantitative PA imaging and reduce the induced bias in spectral 
unmixing due to different tissue behavior at different wavelengths. 
However, this could be a challenging task due to the heterogeneity of 
some tissue structures and the complexity of the light diffusion model 
[355–357]. Deep learning (DL) based methodologies are being heralded 
as the next game changer for PA and the clinical translation of PA 
computed tomography and PA microscopy might be accelerated with DL 
due to its capability for resolution improvement, artifact removal, 
quality improvement with sparsely sampled data [358,359]. Recent 
research on image reconstruction utilizing signals from the transducer 
employed U-net [360–362], Deep convolutional neural network (CNN) 
[363], modified U-net [361,364] that significantly corrected 
limited-view and sparse sampled artifacts. The modified U-nets based DL 
methods are being implemented for under-sampled artifacts removal 
[365]. Gradient descent optimization-based DL strategies are also being 
applied heavily to various reconstruction tasks [366]. Furthermore, 
several recent studies also demonstrated that the low SNR in LED illu-
minated PA imaging systems can be addressed with various DL methods 
such as U-net [367,368], recurrent neural network (RNN) [363], 
multi-level wavelet CNN [369]. DL is also being explored in removal of 
motion blurriness using CNN [370] and sparse-sampled artifacts using 
U-net and CNN [371,372]. Denoising and resolution enhancement in 
photoacoustic microscopy was accomplished also with U-net [373]. In 
addition to improvement of SNR and artifact reduction, another aspect 
where DL is being used is spectral unmixing of the PA signals due to 
various chromophores in the tissue. Initial studies showed that modified 
multiwavelength spectral unmixing based on U-net [374,375] and RNN 
based Eigen spectra [376] have potential and could offer better results 
than traditional unmixing algorithms. The influx of publications on DL 
and PA imaging in the past 2–3 years showcases the potential that there 
is a lot of room for improvement and technological advances in the 
future. Particularly, as the field is evolving, perspective on determining 
proper training samples, reducing training time complexity, resolving 
the depth-limitation in the optical diffusive zone, making a more 
generalized network rather than probe specific algorithms could in-
crease the reliability and usability of the technology. 

Like any other imaging modality, the clinical translation and appli-
cations of the PA imaging technology will be highly dependent on its 
biosafety. In general, the safety of PA imaging can be divided into two 
major categories: safety of the imaging devices and toxicity of contrast 
agents. Since the scope of this review deals with PA imaging with 
endogenous contrast agents, we will focus on the safety of the devices. 
Device safety includes the PA acquisition component: i.e., ultrasonic 
component of PA imaging; is of no safety concern, inherited from the 
safety of the US imaging and the fact that it operates in passive receive 
mode. The major safety issue with most PA imaging systems is related to 
the safety of the laser and the maximum permissible exposure (MPE) on 
human tissue [377]. Laser safety is less of a concern for some PA imaging 
systems such as LED based PA imaging systems, PA microscopy and 
catheter or needle guidance where low energy lasers are often utilized. 
For deep tissue imaging, the accessible depth via PA imaging depends on 
the fluence of the excitation light on the surface of the tissue and is 
limited by MPE according to the laser safety use regulations determined 
by American National Standard Institute (ANSI). ANSI standards 
describe the maximum fluence (i.e., energy/surface area) which is safe 
to be irradiated to the skin at different wavelengths. Currently, the MPE 
set by ANSI is 20 mJ/cm2 for 532 nm laser. These limits are defined for 
skin and the safety limits specific for other tissues are not defined. 
Currently, there are various attempts to investigate the safety aspects of 
increased fluence for deep tissue PA imaging [378,379]. These studies 
aim to introduce tissue specific safety limits for PA applications. Overall, 
complying with laser safety by limiting the body exposure to standard 
limits and of course proper eye protection of patients and imaging 

system operators makes PA imaging a safe imaging modality. 

6. Conclusion 

PA imaging has shown a steady growth and tremendous potential for 
clinical and preclinical applications. Given the clinically relevant 
penetration depth of PA imaging and the facile combination with widely 
available clinical US imaging, it has become an attractive diagnostic 
choice for many translational clinical investigations. While augmenting 
PA imaging with exogenous molecular contrast agents enable PA im-
aging to detect events at cellular and at molecular levels, PA imaging of 
tissue’s endogenous contrast seemingly have an easier path to be 
adopted in clinical applications. PA imaging of endogenous biomarkers 
such as hemoglobin, melanin, lipid, collagen, and water is shown to have 
important clinical diagnostic potency. Owing to its advantages such as 
acceptable temporal resolution (i.e., real-time), PA also demonstrated a 
great deal of promise for more accurate image-guidance of interven-
tional and surgical procedures. The goal of this review article was to 
provide a summary of applications of PA imaging of endogenous 
contrast, discuss state-of-art development and introduce several niche 
applications where PA imaging systems are well-suited to enhance and 
revolutionize the field of diagnostic imaging and therapy monitoring. 
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photoacoustic imaging and histopathological examination in determining the 
dimensions of 52 human melanomas and nevi ex vivo, Biomed. Opt. Express 12 
(7) (2021) 4097–4114. 

[99] Magne Tordengren Stridh, Jenny Hult, Aboma Merdasa, John Albinsson, Agnes 
Pekar-Lukacs, Bodil Gesslein, Ulf Dahlstrand, Karl Engelsberg, Johanna Berggren, 
Magnus Cinthio, Rafi Sheikh, Malin Malmsjö, Photoacoustic imaging of 
periorbital skin cancer ex vivo: unique spectral signatures of malignant 
melanoma, basal, and squamous cell carcinoma, Biomed. Opt. Express 13 (2022) 
410–425. 

[100] S.L. Jacques, D.J. McAuliffe, The melanosome: threshold temperature for 
explosive vaporization and internal absorption coefficient during pulsed laser 
irradiation, Photochem. Photobio. 53 (6) (1991) 769–775. 

[101] T. Liu, X.J. Liu, R. Wen, Y.W. Li, C.A. Puliafito, H.F. Zhang, S.L. Jiao, Optical 
coherence photoacoustic microscopy for in vivo multimodal retinal imaging, 
Invest Ophth Vis. Sci. 56 (7) (2015). 

[102] J.-T. Oh, M.-L. Li, H.F. Zhang, K. Maslov, L.V. Wang, Three-dimensional imaging 
of skin melanoma in vivo by dual-wavelength photoacoustic microscopy, 
J. Biomed. Opt. 11 (3) (2006), 034032. 

[103] X. Shu, W. Liu, H.F. Zhang, Monte Carlo investigation on quantifying the retinal 
pigment epithelium melanin concentration by photoacoustic ophthalmoscopy, 
J. Biomed. Opt. 20 (10) (2015), 106005. 

[104] N.C.F. Codella, D. Gutman, M.E. Celebi, B. Helba, M.A. Marchetti, S.W. Dusza, A. 
Kalloo, K. Liopyris, N. Mishra, H. Kittler, A. Halpern, Skin lesion analysis toward 
melanoma detection: A challenge at the 2017 International symposium on 
biomedical imaging (ISBI), hosted by the international skin imaging collaboration 
(ISIC), 2018 IEEE 15th International Symposium on Biomedical Imaging (ISBI 
2018), 2018, pp. 168–172. 

[105] E.I. Galanzha, E.V. Shashkov, P.M. Spring, J.Y. Suen, V.P. Zharov, In vivo, 
noninvasive, label-free detection and eradication of circulating metastatic 
melanoma cells using two-color photoacoustic flow cytometry with a diode laser, 
Cancer Res 69 (20) (2009) 7926–7934. 

[106] D.A. Nedosekin, M. Sarimollaoglu, E.V. Shashkov, E.I. Galanzha, V.P. Zharov, 
Ultra-fast photoacoustic flow cytometry with a 0.5 MHz pulse repetition rate 
nanosecond laser, Opt. Express 18 (8) (2010) 8605–8620. 

[107] Y. Wang, K. Maslov, Y. Zhang, S. Hu, L. Yang, Y. Xia, J. Liu, L.V. Wang, Fiber- 
laser-based photoacoustic microscopy and melanoma cell detection, J. Biomed. 
Opt. 16 (1) (2011), 011014. 

[108] R. Marchesini, A. Bono, M. Carrara, In vivo characterization of melanin in 
melanocytic lesions: spectroscopic study on 1671 pigmented skin lesions, 
J. Biomed. Opt. 14 (1) (2009), 014027. 

[109] H.F. Zhang, K. Maslov, G. Stoica, L.V. Wang, Functional photoacoustic 
microscopy for high-resolution and noninvasive in vivo imaging, Nat. Biotechnol. 
24 (7) (2006) 848–851. 

[110] V.G. Kanellis, A review of melanin sensor devices, Biophys. Rev. 11 (6) (2019) 
843–849. 

[111] J.A. Viator, L.O. Svaasand, G. Aguilar, B. Choi, J.S. Nelson, Photoacoustic 
measurement of epidermal melanin, P Soc. Photo-Opt. Ins. 4960 (2003) 14–20. 

[112] K. Park, J.Y. Kim, C. Lee, S. Jeon, G. Lim, C. Kim, Handheld photoacoustic 
microscopy probe, Sci. Rep. 7 (1) (2017) 13359. 

[113] S.J. Ford, P.L. Bigliardi, T.C.P. Sardella, A. Urich, N.C. Burton, M. Kacprowicz, 
M. Bigliardi, M. Olivo, D. Razansky, Structural and functional analysis of intact 
hair follicles and pilosebaceous units by volumetric multispectral optoacoustic 
tomography, J. Invest. Dermatol. 136 (4) (2016) 753–761. 

[114] B. Hindelang, J. Aguirre, A. Berezhnoi, H. He, K. Eyerich, V. Ntziachristos, 
T. Biedermann, U. Darsow, Optoacoustic mesoscopy shows potential to increase 
accuracy of allergy patch testing, Contact Dermat. 83 (3) (2020) 206–214. 

[115] S. Khattak, N. Gupta, X. Zhou, L. Pires, B.C. Wilson, Y.H. Yucel, Non-invasive 
dynamic assessment of conjunctival melanomas by photoacoustic imaging, Exp. 
Eye Res. 179 (2019) 157–167. 

[116] P.K. Kelsey, J.S. Eric, C.R. Ethier, E. Stanislav, Photoacoustic properties of 
anterior ocular tissues, J. Biomed. Opt. 24 (5) (2019), 056004. 

[117] J. Nolan, M. Sarimollaoglu, D.A. Nedosekin, A. Jamshidi-Parsian, E.I. Galanzha, 
R.A. Kore, R.J. Griffin, V.P. Zharov, In vivo flow cytometry of circulating tumor- 
associated exosomes, Anal. Cell. Pathol. 2016 (2016) 1628057. 

[118] J. Lavaud, M. Henry, J.L. Coll, V. Josserand, Exploration of melanoma metastases 
in mice brains using endogenous contrast photoacoustic imaging, Int. J. Pharm. 
532 (2) (2017) 704–709. 

[119] R.H. Edgar, A. Tarhini, C. Sander, M.E. Sanders, J.L. Cook, J.A. Viator, Predicting 
metastasis in melanoma by enumerating circulating tumor cells using 
photoacoustic flow cytometry, Lasers Surg. Med. 53 (4) (2021) 578–586. 

[120] A.J. Sinnamon, M.G. Neuwirth, Y. Song, S.M. Schultz, S. Liu, X. Xu, C.M. Sehgal, 
G.C. Karakousis, Multispectral photoacoustic imaging for the detection of 
subclinical melanoma, J. Surg. Oncol. 119 (8) (2019) 1070–1076. 

[121] V. Neuschmelting, H. Lockau, V. Ntziachristos, J. Grimm, M.F. Kircher, Lymph 
node micrometastases and in-transit metastases from melanoma: in vivo detection 
with multispectral optoacoustic imaging in a mouse model, Radiology 280 (1) 
(2016) 137. 

[122] I. Stoffels, S. Morscher, I. Helfrich, U. Hillen, J. Leyh, N.C. Burton, T.C. Sardella, 
J. Claussen, T.D. Poeppel, H.S. Bachmann, Metastatic status of sentinel lymph 

S. John et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref62
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref62
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref63
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref63
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref64
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref64
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref64
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref65
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref65
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref65
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref66
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref66
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref66
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref66
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref67
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref67
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref67
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref67
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref68
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref68
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref68
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref69
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref69
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref70
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref70
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref70
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref71
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref71
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref71
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref72
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref72
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref72
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref73
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref73
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref73
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref73
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref74
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref74
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref75
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref75
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref76
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref76
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref76
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref76
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref77
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref77
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref78
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref78
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref79
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref79
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref79
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref80
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref80
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref81
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref81
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref82
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref82
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref82
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref82
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref83
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref83
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref84
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref85
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref85
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref86
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref86
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref87
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref87
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref88
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref88
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref88
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref89
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref89
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref89
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref90
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref90
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref90
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref91
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref91
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref91
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref91
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref91
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref92
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref93
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref94
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref94
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref94
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref95
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref95
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref95
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref96
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref96
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref96
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref97
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref97
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref97
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref98
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref98
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref98
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref98
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref99
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref99
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref99
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref100
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref100
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref100
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref101
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref101
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref101
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref102
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref102
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref102
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref103
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref103
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref104
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref104
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref105
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref105
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref106
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref106
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref106
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref106
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref107
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref107
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref107
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref108
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref108
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref108
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref109
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref109
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref110
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref110
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref110
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref111
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref111
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref111
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref112
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref112
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref112
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref113
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref113
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref113
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref114
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref114
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref114
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref114
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref115
http://refhub.elsevier.com/S2213-5979(23)00086-1/sbref115


Photoacoustics 32 (2023) 100533

24

nodes in melanoma determined noninvasively with multispectral optoacoustic 
imaging, Sci. Transl. Med. 7 (317) (2015), 317ra199-317ra199. 
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