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Abstract

Photoacoustic tomography (PAT) has become increasingly popular for molecular imaging due to its unique optical absorption
contrast, high spatial resolution, deep imaging depth, and high imaging speed. Yet, the strong optical attenuation of biological
tissues has traditionally prevented PAT from penetrating more than a few centimeters and limited its application for studying
deeply seated targets. A variety of PAT technologies have been developed to extend the imaging depth, including employing deep-
penetrating microwaves and X-ray photons as excitation sources, delivering the light to the inside of the organ, reshaping the light
wavefront to better focus into scattering medium, as well as improving the sensitivity of ultrasonic transducers. At the same time,
novel optical fluence mapping algorithms and image reconstruction methods have been developed to improve the quantitative
accuracy of PAT, which is crucial to recover weak molecular signals at larger depths. The development of highly-absorbing near-
infrared PA molecular probes has also flourished to provide high sensitivity and specificity in studying cellular processes. This
review aims to introduce the recent developments in deep PA molecular imaging, including novel imaging systems, image pro-
cessing methods and molecular probes, as well as their representative biomedical applications. Existing challenges and future
directions are also discussed.
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and has a large penetration and excellent imaging contrast of
soft tissues. However, MRI has poor sensitivity to molecular
probes, which leads to a relatively long acquisition time and a
large dose of contrast agent. Ultrasound imaging has high spa-
tial and temporal resolution, relatively large penetration depth,
and high portability; but it also has poor molecular sensitivity.
Optical imaging has excellent spatial resolution and superior
molecular sensitivity, and has been widely used in basic
research to observe intracellular events in live intact cells, but

Introduction

Molecular imaging provides unique opportunities for visualiz-
ing, characterizing, and quantifying biological processes at the
molecular level.'™ With the aid of state-of-the art imaging
technologies, the working mechanisms of the biological sys-
tems have been better understood in the context of living tis-
sues, which leads to numerous advancements in disease
diagnosis, drug design, and therapy assessment. Although the
methodology originated from nuclear medicine (e.g., positron
emission tomography), which uses radiolabeled tracers that

generate gamma signals from radioactive decay, molecular
imaging has been generalized so that signaling from molecules
is not restricted to only radioactive atoms."> X-ray computed
tomography (CT),*® magnetic resonance imaging (MRI),**"'°
ultrasound imaging (US),"'""* optical imaging,'*'® and photo-
acoustic tomography (PAT)'®'® have all been utilized for
molecular imaging. X-ray CT has high acquisition speed, high
spatial resolution, whole-body penetration, and relatively low
cost. However, X-ray CT uses ionizing radiation, which limits
the long-term observation. MRI uses non-ionizing radiation,
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Molecular Imaging

it suffers from poor penetration depth due to strong optical
scattering in biological tissues.

PAT, also referred to as optoacoustic tomography, is a
hybrid imaging modality that combines the high contrast of
optical imaging with the high spatial resolution and penetration
depth of ultrasound imaging.'®'*?! In PAT, the target is illu-
minated by nanosecond laser pulses, and the absorbed optical
energy is partially or completely converted into heat, leading to
a transient local temperature rise that generates a local pressure
rise and subsequently propagating acoustic waves. PAT detects
the acoustic signals produced by optical absorption from either
endogenous chromophores, such as hemoglobin, melanin and
lipid, or exogenous contrast agents, including nanoparticles,
organic dyes and reporter gene products. Since the scattering
of ultrasound waves in tissue is 2-3 orders of magnitude less
than the optical equivalent, PAT can generate high-resolution
images in optical diffusive regime.?’ PAT is also extremely
sensitive to optical absorption. A small change in optical
absorption coefficient leads to the same fractional change in
photoacoustic signal. Therefore, PAT has a 100% sensitivity to
optical absorption contrast and is inherently capable of func-
tional and molecular imaging. With these merits, PAT has been
widely applied in diverse fundamental research and clinical
practice. 8223

There are 2 major implementations in PAT: photoacoustic
microscopy (PAM) and photoacoustic computed tomography
(PACT).?*3% pAM targets the quasi-ballistic and quasi-
diffusive regimes with tightly/weakly focused excitation light
and tightly focused single-element ultrasonic detection for
direct image formation,?%?**!2? while PACT uses wide-field
light illumination and parallel acoustic detection to image tar-
gets mainly in the diffusive regime.**® PACT can be config-
ured by using ultrasonic transducer arrays such as a linear
array, ring array and 2D matrix array.>>*37>® The axial reso-
lution of PACT is determined by the detection bandwidth of the
ultrasonic transducer array, and the lateral resolution is deter-
mined by the central frequency and numerical aperture. Com-
pared with PAM, PACT typically has lower spatial resolution
(~400 pm for a 5 MHz linear array) but higher imaging speed
and penetration depth (up to a few centimeters). So far, PACT
is the most promising for clinical translations, such as breast
cancer imaging and functional brain imaging, due to its deep
penetration and high compatibility with commercial ultrasound
imaging systems. Thus, in this review, we will focus on the
advances and applications of PACT technologies for deep
molecular imaging. Readers are referred to other review arti-
cles about the PAM technologies.”®> In the rest of the paper,
we use PAT and PACT interchangeably if not otherwise noted.

Despite the above merits, PAT also faces certain challenges.
Although PAT can achieve a penetration depth of several cen-
timeters, which far exceeds the penetration of high-resolution
optical imaging modalities, it still cannot match the penetration
depths of ultrasound imaging, X-ray CT and MRI. The strong
optical attenuation of biological tissues is the major limiting
factor of PAT’s penetration depth. In addition, PAT is more
sensitive to molecular contrast agents than ultrasound imaging

or MRI, but it is less sensitive than fluorescence imaging and
PET.?° Moreover, many PACT implementations suffer from 2
types of imaging artifacts: limited-view and limited-bandwidth
artifacts, which often deteriorate the image quality of deep
seated targets with weak signals.**** Numerous efforts have
been made by various research groups to address the aforemen-
tioned challenges. Through careful selection of excitation
wavelength,****® optimization of light delivery,*’~*° and
sophisticated design and fabrication of the ultrasonic transdu-
cer,”'° the penetration depth of PAT has been substantially
improved. Moreover, by increasing the imaging speed or frame
rate, PAT can reduce the motion artifacts and improve the
detection sensitivity with signal averaging, leading to larger
imaging depth.’®>® More advanced imaging reconstruction
methods, such as model-based and deep-learning-based recon-
struction algorithms, have been developed to further mitigate
image artifacts and improve the image quality.***!->**3 More-
over, the enhanced optical absorption of molecular probes has
boosted the sensitivity of PAT considerably.

In this review, we describe the recent advances in improving
the penetration depth and sensitivity of PA molecular imaging,
focusing on 3 groups of efforts: innovative imaging systems,
advanced reconstruction algorithms, and novel molecular con-
trast agents. In the following sessions, we first introduce vari-
ous PAT technological innovations to upgrade penetration with
more efficient optical excitation and acoustic detection. Next,
we present advanced image reconstruction and data analysis
methods to compensate for optical fluence attenuation
and eliminate image artifacts. Then, we summarize the new
PA-sensitive molecular probes that have superior imaging per-
formance and functionality. Representative applications in bio-
medical research are also discussed. Finally, we conclude the
review with a brief discussion about future improvements in
molecular PAT.

Technical Advancements in Molecular PAT

Novel PAT Systems to Improve Penetration Depth

A deep-penetrating PAT system should achieve deep optical
excitation and sensitive acoustic detection. To deliver more
light into deeper tissues, efforts have been reported with using
longer excitation wavelengths to reduce the optical attenuation,
illuminating the target from the inside of the tissues, and apply-
ing wavefront shaping to focus the light in the scattering
medium. To detect weak signals from deeper tissues, new fab-
rication procedures of piezoelectric transducers and various
optical detectors have been explored to improve the detection
sensitivity.

PAT with innovative light source and delivery. In conventional PAT
systems, laser pulses are delivered either via free space or an
optical guide to form a dark- or bright-field illumination pattern
on the tissue surface.'®?°*! Yet due to the severe wavelength-
dependent attenuation of photons (e.g., effective attenuation
coefficient of human breast tissue is ~4.0 cm™ at 730 nm®*),
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Figure 1. Deep PAT and TAT with long excitation wavelengths. (a-d) Noninvasive PA imaging of a whole-body mouse in vivo.** Depth-encoded
PA maximum amplitude projection (MAP) images acquired at optical wavelengths of 532 nm, 700 nm, 850 nm, and 1064 nm. (e) TAT image of
excised normal breast tissue of an ewe.®? (f) TAT image of a breast tumor embedded in the excised breast tissue. (g) X-ray image of the tumor
phantom. (h) Normalized image contrast of normal tissue, tumor, and background in the TAT and X-ray images. Reproduced with permission
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it remains a great challenge for PAT to penetrate beyond a few
centimeters.'® Novel light sources and delivery methods are
highly desired to break the penetration limit.

Long-wavelength photoacoustic tomography. As light in the
near-infrared (NIR) wavelength range has relatively low
attenuation, applying longer-wavelength excitation light is
often the first step in PAT to improve the penetration depth.®®
In the early days of PAT, short-wavelength light (<700 nm)
was often used for imaging hemoglobin due to its strong
absorption in the visible wavelength range,'*%>¢ but a depth
of only a few millimeters could be imaged due to the over-
whelming optical scattering at short wavelengths.®”*® Later,
NIR light (700 nm to 1350 nm) was explored due to its larger
penetration depth with relatively low absorption by
water.' 44636970 Eor example, a penetration depth of 4 cm has
been achieved in vivo in the human breast at 800 nm.”" With
highly-absorbing exogenous contrast agents, a penetration
depth of 11 cm was achieved in chicken breast tissue.”?
Figure 1A to D compare the PA images of a mouse at 4 dif-
ferent wavelengths of 532nm, 700 nm, 850 nm, and 1064 nm.
While the PA image at 532 nm provides mostly superficial
blood vessels, organs such as spleen and cecum can be better
observed at longer wavelengths.

Long wavelengths in the microwave spectrum have been
employed as radiation sources in PAT to achieve greater pene-
tration depth, a technique also referred to as thermoacoustic

tomography (TAT).” Unlike PAT, which relies on the optical
absorption contrast, the contrast in TAT stems from tissue’s
dielectric properties.”*”® In the frequency range from 0.1 to 10
GHz, the relative dielectric constant in soft tissues ranges from
5to 70, and the conductivity ranges from 0.02 to 3 S/m, leading
to a penetration depth of TAT up to 15 cm,”*’* which is suf-
ficient for imaging whole-body small animals and many deep
organs in humans. Great progress has been made in TAT for
imaging breast and prostate cancer tissues with >10 cm pene-
tration depth. Moreover, because the dielectric properties of
malignant tissues are larger than the normal tissues, the cancer
tissues often have relatively strong microwave absorption than
healthy tissues.’®”® For example, breast cancer tissue has up to
10 times higher microwave absorption than normal tissues,
providing high imaging contrast for TAT.”

Conventional TAT systems usually use high-power pulse-
modulated carrier-frequency generators, and the resultant
transmitted microwaves operate at frequencies ranging from
434 MHz to 3 GHz with a pulse width of a few microse-
conds.**®* The excitation pulse is prolonged to deposit more
energy at the expense of spatial resolution.**”#763! To reduce
the microwave pulsewidth and improve the spatial resolution, a
high-voltage discharge mode has been used to generate ultra-
short microwave pulses. The microwave generator uses an
oscillation circuit and a Tesla transformer to generate high-
voltage electrical pulses, which propagate through the antenna
and radiate microwaves with a pulse energy of hundreds of
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Figure 2. Internal-illumination PAT. (a) A representative forward-viewing fiber.?” (b) A representative side-viewing fiber.*” (c) A representative
radial-emission fiber diffuser.>® (d) A representative frontal-emission diffuser fiber diffuser. (e-f) B-mode ultrasound image (e) and PA image (f) of
the blood-filled tube on an ex vivo pig kidney overlaid by an 8-cm-thick layer of fresh chicken breast tissue.” Reproduced with permission

49,50,87,92
from.

millijoules*>’>* and a pulsewidth of several nanoseconds. A

spatial resolution of tens of microns can thus be achieved.
Figure 1E to G show the TAT and corresponding X-ray
images of the excised normal breast tissue and tumor tissue,
respectively. The location of the tumor can be clearly
imaged by TAT, with higher contrast between normal tissue
and tumor tissue than that in the X-ray images (Figure 1H).
Nevertheless, the microwaves used in TAT often have a low
frequency (100-900 MHz), which can penetrate deeper in
tissue, but may result in a lower signal-to-noise ratio (SNR).
Meanwhile, it is challenging to direct microwave propaga-
tion direction.”®

Internal light delivery. In many clinical applications, the
deeply-seated organs of interest are relatively close to some
body cavities. For example, the posterior boundary of an
adult’s kidney can be more than 10 cm from the skin surface,
but the kidney is connected to the urinary tract that can be
directly accessed from outside.®* For these organs, it is there-
fore possible to deliver the light to the intracorporeal targets
using a small-diameter optical fiber via the body cavities,
largely avoiding the otherwise strong optical attenuation by the
intervening tissues underneath the skin surface. Such light
delivery strategy is termed as internal light illumination.

Various internal-illumination designs have been employed in
PAT to deliver light to the deep organs of interest, and can be
roughly classified into side-viewing illumination and forward-
viewing illumination. In side-viewing illumination, the laser
beam is coupled into a multi-mode optical fiber and the fiber
is inserted into the vicinity region of the target. To deflect the
light sideward, a 45-degree-angled prism is attached to the fiber
tip or the fiber tip itself is polished with a 45-degree angle. The
tip is sealed within a transparent air chamber.***> In contrast,
in forward-viewing illumination, the end of the optical fiber is
usually sanded until the tip is beveled to a desired conical
shape. Light emits from the conical fiber tip and forms a sphe-
rical illumination pattern; in other cases, light emits directly
from the flat fiber tip to form a less diverged illumination.¢-*”
Figure 2A and B show example designs of forward- and side-
viewing fiber tips, respectively. Generally speaking, side-
viewing illumination is more suitable for imaging
tunnel-shaped organs, such as the gastrointestinal tract, and
front-viewing illumination works better for imaging planar-
surfaced organs, such as the cervix. However, both types of
illumination typically cover only a small field of view, mostly
because of the limited beam-diverging distance between the
fiber tip and the tissue surface.
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Figure 3. X-ray acoustic tomography. (a) XAl image of a 6 cm x 3 cm radiation field at 10 cm depth.”® (b) Comparison of lateral profiles of the
radiation field extracted from simulated and experimental XAl images and ion chamber measured profiles. (c) SNRs of XA and PA signals of a
lead sample beneath various thicknesses of chicken breast tissues.” (d) Photograph and XAl image of a metal object embedded in tissue at 40.5

mm depth.”* Reproduced with permission from.*+%¢

To illuminate a larger field of view, such as the adult kidney,
Li et al have proposed to use an optical fiber diffuser for inter-
nal light delivery in PAT.* Two types of fiber diffusers have
been explored for this purpose: radial-emission and frontal-
emission diffusers. To make a radial-emission fiber diffuser,
the jacket and cladding of an optical fiber are removed, and the
surface of the fiber core is roughened to scatter the light
out.*”**88 The fiber core can also be coated with a layer of
optically scattering particles to further homogenize the light
emission.’ % In contrast, a frontal diffuser is typically separ-
able from the optical fiber. The diffuser is made of scattering
medium, such as intralipid and TiO,, with increasing concen-
trations from the fiber tip so as to generate a homogeneous light
distribution in the nearby tissues.”'”* Figure 2C and D show
the representative designs of radial-emission and frontal-
emission diffusers. As an example, Figure 2D shows a
frontal-emission diffuser made of segmented agar mixed with
intralipid. By using this fiber diffuser, the internal illumination
PAT has demonstrated deep imaging on an ex vivo pig kidney
at a depth of 8 cm, with the fiber diffuser inserted into the pig
kidney through the urinary tract, as shown Figure 2E and F.
Such an imaging depth is typically not attainable by traditional
PAT. Internal-illumination PAT needs to use optical fibers with
high damage threshold to deliver sufficient energy to the target.
Therefore, there is often a tradeoff between the fiber’s diameter
and its flexibility. A larger-diameter fiber is less flexible and

thus may not fit for certain applications with limited space. In
addition, internal-illumination PAT still suffers from the acous-
tic attenuation from the deep targets, especially the high fre-
quency components, which may lead to deteriorated spatial
resolutions.

X-ray acoustic imaging. Another way to increase the penetra-
tion depth of PAT is to use X-ray photons as the radiation
source, which is termed as X-ray induced acoustic imaging
(XAI). X-ray photon scattering in tissue is much lower than
that of visible-NIR photons.”® Several groups have reported
XAI systems that include a linear accelerator (LINAC), an
ultrasonic transducer (array), and a data acquisition sys-
tem.”**° The X-ray pulses generated by the LINAC typically
consist of picoseconds pulse trains and has a total pulsewidth of
a few microseconds.”> The amplitude of an X-ray-acoustic
(XA) wave is proportional to the X-ray photon absorption,
which is more prominent in high-density materials such as lead
blocks, bones, and microcalcifications.”® An ultrasonic trans-
ducer, which typically has the central frequency of less than 1
MHz, is used to acquire the generated XA signals.”**”*® One
common application of XAl is to provide dosimetric informa-
tion during radiation therapy.”>’ Figure 3A and B show the
XAI map of a 6 cmx3 cm radiation field at 10 cm depth in
water, demonstrating that the XA intensity is closely related to
the deposited X-ray dose.”® Compared with traditional PAT
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Figure 4. PAT enhanced by wavefront shaping. (a) Principle of a phase-unmodified coherent beam of light travels into tissue.'®” (b) Principle of
beam refocusing by wavefront-shaping the incident light field with an SLM.''® (c) Representative transmission micrograph with an unshaped
incident beam. (d) Representative transmission after optimization for beam focusing. (e) PA imaging of 2 capillary samples without and with
applying wavefront shaping. () PA profiles across the capillary tubes with and without wavefront shaping.''® Reproduced with

permission.'07‘I 15116

using visible-NIR light, XAI has superior penetration depth in
tissues due to the weak X-ray scattering.”> As shown in
Figure 3C, while the PA signals rapidly decreased with the
depth, XA signals only slighted decreased up to 10 cm. How-
ever, compared to visible-NIR laser pulses, X-ray pulses are
much longer, which leads to a lower X-ray acoustic conversion
efficiency and degraded spatial resolution.?"** To improve the
resolution and SNR of XAI, Xiang et al used an X-ray tube to
produce nanosecond pulses and achieved an ~300 um resolu-
tion.”” Ultrasonic transducer arrays were also used to achieve
high-speed 3D XAL’® Nevertheless, one major concern in
XAl is the ionizing radiation exposure.'® It has been reported
that the minimum dose required to obtain an XAl field image
in water is 11.6 mGy, with an SNR of 6.4,°” which is compa-
rable to a typical chest X-ray CT dose of 12-18 mGy. It is
promising that XAl can provide clinically meaningful images
at low doses.

Wavefront shaping enhanced light delivery. PAT’s penetration
depth in tissues can be enhanced by employing wavefront shap-
ing techniques. Wavefront engineering technologies have
enabled refocusing light inside scattering medium by compen-
sating for or reversing the scattering-induced phase scrambling,
based on the fact that optical scattering is microscopically
deterministic and time-reversible in nature.'®’"'% In a typical
wavefront shaping implementation, a spatial light modulator

(SLM) is used to optimize the phase of input light by using a
guide star as the signal feedback,'%'*® as shown in Figure 4A
and B. Doing so, the light intensity in deep scattering medium
can be enhanced by more than 1000 times (Figure 4C and D).
Many types of guide stars have been reported, including fluor-
escent labels,'>''% nonlinear optical particles,''" as well as
photoacoustic and ultrasound targets.'0%'0%112.113

PAT is advantageous over fluorescence imaging for provid-
ing wavefront shaping feedback signals, since PAT can pene-
trate relatively deep. Via wavefront shaping, maximizing the
PA signal strength will lead to maximizing the local optical
fluence within the ultrasound detection zone,'°%!%*!'% which in
turn increases the penetration depth of PAT. An enhancement
of 5~10 fold in the PA signal strength has been reported by
Kong et al after wavefront optimization.''* Figures 4E and F
show the enhancement of photoacoustic imaging with wave-
front shaping (PAWS), in which both the SNR and spatial
resolution were substantially improved. However, so far, most
wavefront shaping technologies are still too slow for in vivo
PAT applications, due to the fast optical speckle decorrelation
induced by the tissue motion and blood flow. Further improve-
ment in the wavefront shaping speed is still needed, such as by
accelerating the phase optimization process.

PAT with ultrasensitive and fast ultrasonic detection. Another
important factor that affects the penetration depth of PAT is
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the sensitivity of the ultrasonic detection. A highly sensitive
ultrasonic transducer is able to detect weak signals from deep-
seated chromophores near which light has been severely atte-
nuated. The sensitivity of an ultrasonic transducer is usually
assessed by its noise equivalent pressure (NEP) with units of
Pa, which reflects the minimum detectable photoacoustic sig-
nal pressure.>”!'” A lower NEP is desired for a more sensitive
ultrasonic transducer.

Sensitive PZT transducers.. Piezoelectric transducers are most
widely used for acoustic detection in PAT, and have demon-
strated the best sensitivity. For example, a piezoelectric trans-
ducer with a detection area of 30 mm? and a bandwidth of
50 MHz has achieved an NEP of ~77 Pa.''® The detection
sensitivity of a traditional piezoelectric transducer can be
improved by further increasing the active element area and
decreasing the detection bandwidth.>* However, both measures
lead to reduced PAT image quality. First, it is technically chal-
lenging to fabricate ultrasonic transducer arrays with large ele-
ments, which also suffer from reduced directivity and strong
grating lobes.''® Moreover, miniaturized ultrasonic transducers
are often needed for photoacoustic endoscopy in order to access
the intracorporeal organs.'*'?* Second, a broadband detection
bandwidth is preferred in PAT to achieve high spatial resolu-
tion and reduce limited-bandwidth artifacts.'®'*> Although
high-frequency ultrasonic waves are attenuated more strongly
by tissues, a broadband transducer is still highly desired to
detect the deep-seated small targets.'”

Recent advances in ultrasonic transducer fabrication has
shown that the loss of sensitivity with a small element size can
be mitigated in capacitive micromachined ultrasonic transdu-
cers (CMUTs) and piezoelectric micromachined ultrasonic
transducers (PMUTSs).'2¢13% The basic building block of
CUMT is a capacitor cell, which consists of a thin, movable
plate suspended over a vacuum gap on top of silicon substrates.
CMUT uses semiconductor fabrication techniques, such as the
wafer bonding and sacrificial release processes. The metal
layer on the plate or the plate itself serves as the top electrode
of the capacitor, and the conductive substrate acts as the bottom
electrode. After connecting to a constant bias voltage, an elec-
trical current is generated when ultrasound pressure waves hit
the movable top plate that leads to a change in capaci-
tance.'?®12%131 PMUTSs have similar structures with CMUTs,
in which an array of sensitive micro-piezoelectric membranes
are formed on the silicon substrates.>>"'?%'?’ It has been experi-
mentally demonstrated that row-column-addressed 2D CMUTs
have wider reception fractional bandwidth than classic piezo-
electric transducers with similar acoustic features (e.g., dimen-
sion, central frequency, packaging). Compared with traditional
piezoelectric transducers (PZT), one strength of CMUTs and
PMUTs is the potential high-throughput batch manufacturing,
which can drastically reduce the unit cost and benefit the fab-
rication of inexpensive 2D arrays. The sensitivity of CMUTs,
however, is not necessarily higher than conventional PZT
transducers, and it can be possibly improved by optimizing the
structure, plate design, layout, and driving conditions.>*!3°

Optical detection of ultrasound waves. Optical techniques are
becoming increasingly popular for PA signal detection, since
they have several advantages over traditional piezoelectric
transducers. The sensitivity of optical sensors is independent
of the detector size, and their bandwidths are usually much
wider.!2>132133 Ag g result, with the same element size, optical
detectors typically provide greater sensitivity over a significant
wider frequency range than its piezoelectric counterpart, which
is particularly attractive for PA endoscopy or 3D PAT.>!13%13°
In addition, the transparent nature of optical detectors simpli-
fies the light delivery in PAT.”! However, when the transducer
element size is not a constraining factor, piezoelectric transdu-
cers still provide a higher sensitivity. Here we introduce several
representative optical detection of ultrasound waves, including
Fabry-Pérot (FP) interferometers,'**'* micro-ring resona-
tors,”>"3*137 and fiber Bragg gratings.”>'*®

Fabry-Pérot interferometers (FPI) use transparent planar FP
polymer films as acoustically sensitive elements. The PA exci-
tation light can transmit through the films into the underlying
tissue. The resultant ultrasound waves modulate the thickness
of the FPI. A CW interrogation beam reads the FPI thickness
and records the PA signals.'*® FPI sensors have much higher
sensitivity than PVDF receivers with a similar element size: a
75-um diameter PVDF receiver has a typical NEP of 55 kPa,
while an FPI with a 64-pum diameter has a NEP of only 0.31
kPa. A -3 dB detection bandwidth of a 22-pm-thick FPI ranges
from 0 to 39 MHz, which is sufficient to detect deeply located
targets. Zhang et al have reported an improved FPI sensor using
a plano-concave optical microresonator, which comprises a
solid plano-concave polymer microcavity formed between 2
highly reflective mirrors, as shown in Figure 5A."**'3° The
interrogation CW laser beam is then tightly focused by the top
mirror curvature, which is precisely designed to perfectly
match the beam divergence and avoid the beam from walking
off as it does in the planar FPL.'*> A high degree of optical
confinement can then be achieved and eventually lead to a
much improved detection sensitivity: the NEP of a 100-um
plano-concave microresonator is 13.75 Pa, which is compara-
ble to the NEP of a 2 mm PVDF needle hydrophone. Figure 5D
and E show PA images of mouse abdominal skin microvascu-
lature using an endoscopic FPI probe with a diameter of 3.2
mm. The high image quality has demonstrated the possibility of
all-optics methods for deep PAT.

Micro-ring resonators (MRR), which consist of a bus wave-
guide and a ring-shaped resonator separated by a low-dielectric
gap, are also useful for optical detection of ultrasound waves.
The light transmitted through the bus waveguide can be eva-
nescently coupled into the ring resonator across the gap to form
strong optical resonance inside the ring, in which the stop band
or zero transmission is achieved at the resonant frequency. The
deformation of the ring resonator by the ultrasound wave can
cause changes in the optical path length and thus a shift in the
resonant frequency.’” The design of an MRR detector is shown
in Figure 5B. Li et al have demonstrated that the NEP of a
60-um-diameter MRR can achieve as low as 6.8 Pa with a
140 MHz bandwidth. Figure SF and G show the volumetric
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PA imaging of human hairs sandwiched by 2 tube walls,
acquired by an MRR sensor. However, MRR typically provides
a broad bandwidth only with a small acceptance angle, which is
not ideal for parallel acoustic detection in PAT.'*

Fiber Bragg grating (FBG) detectors fabricate Bragg grat-
ings inside the core of an optical fiber.”* When the wavelength
of the incident light satisfies the Bragg condition, the reflection
from all gratings interfere constructively, resulting in a narrow
dip in the transmission optical spectrum. The ultrasonic wave-
induced mechanical perturbation creates changes in the grating
period and leads to a shift in the Bragg wavelength and thus
change in the light transmission. The geometry of an FBG
detector is shown in Figure 5C. By detecting the frequency
shift of the beating signal between the 2 orthogonal polariza-
tion modes induced by photoacoustic waves in the FBG based
detectors, Liang et al have reported that the FBG detector can
achieve a NEP of 40 Pa and a bandwidth of 50 MHz, with a
fiber diameter of 65 pm.'*°

High-speed PAT. High-speed PAT is advantageous for (pre)cli-
nical applications, due to reduced motion artifacts, real-time
feedback, and possible signal averaging. The imaging speed of
traditional PAT systems is often limited by the low pulse repe-
tition rate of powerful Nd: YAG lasers. With a kilohertz pulse
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repetition rate, laser diodes have been explored as the excita-
tion light source in high-speed PAT, and a large number of
frames can be acquired in a short time.'*"'*> However, the low
pulse energy is currently the major drawback of laser diodes.
Furthermore, with a large number of transducer elements, tra-
ditional PAT suffers from the time-consuming data transfer and
image reconstruction, preventing real-time imaging. To
address this issue, compress-sensing based PAT has been
developed by using only a small number of transducer elements
and incorporating total variation in the image reconstruc-
tion.”®'*? Real-time 3D PAT has been achieved by Ozbek
et al, with a highest frame rate of 1.6 kHz and a spatial reso-
lution of 75 pm.>’

Novel Imaging Reconstruction and Signal Processing
Methods

Reconstruction algorithms are essential for PA images with
high SNR, high resolution, and low artifacts, especially when
reconstructing PA images with weak signals from the large
depth. In this section, we discuss innovations in PA molecular
imaging as it pertains to penetration depth, reconstruction accu-
racy, and detection sensitivity.
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Fluence compensation. The initial PA pressure amplitude is
directly proportional to the absorbed optical energy, which is
a product of optical fluence and optical absorption coefficient
in tissue. Therefore, the generated PA image is heavily depen-
dent on the local optical fluence, especially for deep tissue
imaging applications. Biological tissues are highly scattering
media for visible-NIR photons. As the imaging depth increases,
optical fluence tends to decrease exponentially even in a homo-
genous medium. Due to the heterogeneous nature of biological
tissues, modeling light fluence in tissue is complicated. Some
groups have developed PAT and diffuse optical tomography
(DOT) dual-modality systems to compensate for light fluence
variation and achieve more accurate reconstruction of optical
absorption coefficients.'**'¢ However, these systems are
bulky as they require different illumination and detection
equipment for each modality. Fluence compensation has been
a major challenge in quantitative PAT of blood oxygenation
and other exogenous molecules. In this section, we introduce
the most recent advances in this field. Earlier developments in
the area can be found in review articles.*'*’

Hussain et al have proposed a method for fluence compen-
sation using ultrasound-enabled, non-invasive tagging of light
at the region of interest.'*® As ultrasound scattering in tissue is
negligible in comparison to optical scattering, the ultrasound
beam can be well focused at the region of interest. When tissue
is illuminated with a coherent light beam, the photons are scat-
tered out of the tissue and form a speckle pattern. The fluence
map can be obtained by scanning the focused ultrasound to
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measure the speckle contrast. The fluence measurement is
directly integrated into a PAT system such that the fluence
maps and PA images can be obtained simultaneously. The
feasibility of this method was assessed in agar and intralipid
models, porcine tissue samples, and sO, measurements. Ima-
ging results from sacrificed mice indicate that there was an
improvement in fluence compensated images compared to
images without fluence compensation. However, this method
has yet to be tested for in vivo applications in which complex
tissue dynamics come into play. Furthermore, this technique
requires the use of 2 separate lasers and point-by-point scan-
ning, which makes the system more complex and increases the
imaging time (approximately 29 min for an area of 530 mm?).

Kim et al have developed a real-time, spectroscopic PA/US
system with simultaneous fluence compensation and motion
correction.'*” For PA acquisition, a single image is formed
by sequential scanning using a narrow laser beam through fiber
sweeping (called “fast-sweep”). Light from different fibers
propagates different distances in tissue. The partial PA image
reconstructed from a single fiber illumination is used to esti-
mate the signal loss due to light attenuation (Figure 6). This
method allows the estimation of laser fluence for the targeted
absorber. This procedure is repeated over 10 wavelengths in the
range of 700-900 nm. The final image is formed by a coherent
summation of partial images at a video rate of 50 Hz. The
method was tested on in vivo mouse models for monitoring
drug delivery using gold nanorods. Using this “fast-sweep”
approach, the system footprint and cost are reduced. However,
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a major drawback of this system is the slow imaging speed,
which suffer from motion artifacts for in vivo cases.

An integrated PAT system with diffuse reflectance imaging
has also been developed by Jin et al.'>® This system utilizes a
single piezoelectric transducer that receives both PA waves and
passive ultrasound (PU) waves. The absorbed photons by the
tissue generate PA signals, while the reflected photons generate
PU waves. For fluence compensation, the relationship between
the PU wave amplitude and light penetration is calibrated.
After calibration, the absorption differences caused by optical
fluence variation can be corrected. The compact design of this
system allows integration of various deep imaging applica-
tions. However, the calibration method used to estimate the
relationship between PU amplitude and light fluence may not
be available for all applications.

The fluence compensation can also be realized by matching
the spectra profiles of PA images acquired at different wave-
lengths."! The key assumption in this method is that optical
diffusion affects the power spectra of PA signals. When there is
no optical diffusion, the PA spectra follow the same frequency
distribution (Figure 7A), regardless of the light wavelength
(Figure 7B). Adding the scattering material leads to a broad-
ening in PA signal spectrum (Figure 7C), which is also light
wavelength dependent (Figure 7D). Frequency filters are used
to correct the frequency domain signal and thus the optical
fluence. Although this work was developed to quantify sO,,

this concept may be extended for molecular imaging as well.
However, this approach was validated only using a very thin
phantom and murine muscle model; therefore, its applications
for deeper tissues is unclear. Moreover, the linear fit for the
power spectra ratio may not be valid for certain geometries.

Eigenspectrum methods for signal unmixing. In PAT, to estimate
different chromophore concentrations, whether it is for endo-
genous or exogenous contrast agents, a linear spectral unmix-
ing method is commonly used to separate the signals from
different chromophores. However, in deep tissue, the linear
spectral unmixing method fails due to spectral coloring induced
by wavelength-dependent optical attenuation.'®’-!3%:153
Eigenspectrum-based methods have been recently proposed
to address this issue by converting the fluence correction prob-
lem from the spatial domain to the spectral domain. By model-
ing light fluence as a linear combination of eigenspectra, the
fluence can be corrected with improved accuracy.

The eigenspectra method was initially proposed in multi-
spectral optoacoustic tomography (eMSOT).">* The method
is based on the fact that light fluence spectra at different loca-
tions in tissue is a cumulative result of light absorption from
various tissue chromophores. Thus, the fluence spectrum can
be expressed as the linear combination of some base spectra
(one mean fluence spectrum and 3 eigenspectra), determined
through principal component analysis (Figure 8). It was
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observed that the first eigenspectrum was associated with the
“spectral shape” of light fluence that related to the average
blood oxygenation of the surrounding tissue, while the second
eigenspectrum was associated with the changes in depth of
light fluence and the average optical properties of the surround-
ing tissue.'>* In vivo and postmortem studies were used to
validate these observations. The sO, estimation can be made
independent of the tissue’s optical properties. However, the
accuracy of eMSOT is prone to noise and artifacts. Based on
Bayesian inversion, Olefir et al described a method to improve
eMSOT for spectral unmixing in noisy environments.'> With
this method, spectra can be weighted automatically based on
their reliability. However, this new method still needs improve-
ment in speed as it is currently ~ 12 times slower than eMSOT.
Also, this new method needs to be tested for absorbers other
than hemoglobin for molecular imaging applications.

Model-based 3D reconstruction methods. Although filtered-back
projection (FBP) has been widely used in PAT,"*® it does not

account for many important factors of the imaging system, such
as the impulse and spatial response of the ultrasonic transducer,
limited-view detection, as well as thermal and electronic noise.
Also, in deep tissues, there exist spectrally derived artifacts. All
these factors impact the quantitative accuracy of the molecular
imaging.

Many groups have been developing model-based methods
to address the above issues.'>’ Prakash et al have developed a
logarithmic, regularization-based, entropy maximization algo-
rithm to improve the quantitative performance of PAT.'®
Entropy maximization is used prior to PA image reconstruc-
tion,">%1%" with an implicit non-negativity constraint. This
method is superior than conventional /2-norm minimization.'®'
However, entropy evaluation with limited independent data
still needs to be investigated for clinical translation, as most
clinical systems use linear ultrasound transducer arrays with
relatively small detection angles.

Mastanduno and Gambhir have proposed a model-based
tomographic method to map tissue absorption based on the
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acoustic data only, with no prior knowledge of optical proper-
ties, initial pressure distributions, or tissue structure.'®* Using
the optical diffusion model and k-space acoustic model, abso-
lute absorption coefficients are reconstructed iteratively.'®® As
shown in Figure 9, this method was able to recover the target’s
absorption with an error of up to 22% at 4 cm depth. Although
this method showed remarkable improvement over FBP, its
performance remains to be tested on real biological tissues.

Deep learning-based reconstruction methods. Model-based recon-
struction methods, although more accurate than the FBP
method, are computationally expensive for practical use.'®??
Deep learning, a rapidly emerging research area focusing on
pattern recognition and machine learning techniques, has
recently found applications for biomedical imaging.'®*'% In
a typical deep-learning algorithm, the artificial neural network
represents the non-linear relationship between the input and
output images, and the algorithm performs various optimiza-
tion processes at different layers based on the training data-
sets.'®” Recently, several groups have adapted deep learning
methods to address the limited-view and under-sampling issues
in PAT.**%16%170 Here we will focus on several examples for
quantitative PAT reconstruction.

Bench et al have demonstrated the feasibility of 3D con-
volutional neural networks to generate accurate sO, maps, by

using the full spatial information contained in the 3D PA
images.'”! Two convolutional encoder-decoder networks with
skip connections (EDS) were trained to output 3D sO, and
vessel segmentation maps. However, the network accuracy
decreased with depth, due to decreased SNR and/or limited
view.

A residual learning framework (ResU-net) was also
employed for PAT.'”* ResU-net takes PAT images acquired
at different wavelengths as the input and generates sO, maps or
molecular concentration images as the output. The residual
learning mechanism can prevent accuracy degradation that
commonly happens with increasing network depth.
Figure 10A to C show the estimated indocyanine green con-
centration using ResU-net, demonstrating great promise for
molecular imaging applications. However, its performance on
animals remains to be investigated.

An U-net based architecture was developed for PAT to
directly recover the optical absorption from the deposited
energy distribution.'”® The training data was generated from
Monte Carlo simulation of light transport with wide-field illu-
mination. This method has been validated on circular targets of
different sizes and positions (Figure 10D-F). The relative error
with different absorption backgrounds was less than 10%.
Again, more complex experiments are necessary to demon-
strate its feasibility for biological applications.
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Novel Molecular Probes for Deep PAT

The use of molecular probes with high optical absorption is
another way of extending the penetration depth of PAT. Recently
there have been significant advancements in the formulation and
evaluation of organic dyes and nanoparticles that absorb light
between 1000-1700 nm, which is known as the NIR-II region.
The NIR-II region is noteworthy due to it deeper tissue penetra-
tion with PAT, with minimal interference from endogenous tissue
components such as hemoglobin and water. Several interesting
PAT contrast agents have been developed with NIR-II activity.
Additionally, novel genetic probes and activation sensing probes
have shown their potential for PAT applications.

Inorganic probes. Inorganic probes have the advantage of being
highly adjustable in size and absorption bandwidth, and are typi-
cally formed from metals or unnatural molecular structures.
These customizations allow for alterations that can modulate the
optical properties and pharmacokinetic behaviors. Historically,
inorganic contrast agents have been used extensively in PAT. In
particular, gold and carbon nanotubes have shown great potential
for strong PA contrast. One application involved targeting the

(d-f) U-net based network is used to estimate the absorption coefficients of the targets.
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lymphatic system in mice with an antibody conjugation to the
gold plated nanotubes.'”* Another study conjugated a tumor spe-
cific peptide to the gold nanorods on the surface of carbon nano-
tubes to target gastric cancer cells.'”®> This technique is
potentially generalizable to other types of cancer cells.

Gold nanoparticles have historically been used in the NIR-I
region.'’® In the longer NIR-II region, improved signal to back-
ground ratio (SBR) improves PA imaging.'”” One study with
small gold nanorods that absorbed light in the NIR-II region led
to strong PA signal in tumors in mice as well as higher thermal
stability relative to larger counterparts. With small gold nanor-
ods that absorbed light in the NIR-II region, PAT can image
tumors more effectively. Figure 11 shows that peptide targeting
in combination with small gold nanorods can be used to effec-
tively image tumors with high contrast.

The customizability of inorganic probes makes them useful
for mapping tumor vasculature using quantum dots comprised
of polymers and silver'’®'%" as well as different polymer
coated metal mixtures: Cd, Te, Mn, and Hg.lgl’182 The main
PAT application is imaging tumor angiogenesis. Quantum dots
can absorb in both the NIR-I and NIR-II regions, which
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presents the potential for multispectral PA imaging.179’180 The
advantages of quantum dots for PA molecular imaging include
high stability, stronger absorption, and longer circulation times
due to the polymer coating and custom sizing to evade renal
clearance. The main disadvantage of quantum dots is their toxic
side effects. Efforts to minimize tissue accumulation must be
realized before clinical translation.'®?

Organic dyes and nanoparticles. Organic dyes and nanoparticles
are noteworthy probes because they tend to be biocompatible,
with the possibility of biodegradation. One formulation of cya-
nine fluoroalkylphosphate salt (CyFaP), an NIR-II dye that
achieves imaging in deep tissues, is a micelle formed with
surfactant stripping. This formulation was successful used in
PAT at a 12 cm depth through chicken breast tissue as well as
imaging through 5 cm of human breast tissue in adult volun-
teers,'®* as shown in Figure 12.

New NIR-II organic dyes are rapidly developed in order to
exploit the advantages of deeper penetration, less tissue scatter-
ing, and permissible use of higher laser powers of longer wave-
length. Often, organic dyes need to be solubilized with a
surfactant of polymer matrix due to their hydrophobic
nature.'® Bright NIR-II signal is achievable using organic
dyes,'®*!87 some of which have fast renal clearance.'®® Mod-
ifications can be made to the dyes to narrow the absorbing
spectrum and modulate the biodistribution, which can

minimize the background signals in PAT. Another type of
modification is the use of polymers in the formation of J-
aggregates, which can improve the PA signal generation.'®’
Other dyes have been formulated with Pluronic micelles sur-
factant stripping, which results in concentrated dye suspensions
for strong PA signal generation. For example, these micelles
were used for PAT of mouse gut following oral administration,
as shown in Figure 13.'%°

Genetic reporters. Genetically-encoded probes are usually
developed for fluorescence imaging, but have become increas-
ingly attractive in PAT as biomarkers of tumors or healthy
cells.'”! With directed evolution, these probes can be modified
for higher photostability, larger absorption coefficient in the
NIR region, and more distinct spectra.'”*'"? Genetically-
encoded probes have good biocompatibility with much reduced
toxicity concerns. However, wavelength tunability and manip-
ulation of the absorption bandwidth is challenging. They often
have relatively low concentration in cells and high photo-
bleaching rate. Some genetic reporters can absorb strongly in
the NIR-I region, but few if any have been developed with
NIR-II absorption.'**

One recent study reported PAT with red fluorescent protein
(RFP) activated in the presence of biliverdin, which is typically
found in the liver and spleen. It was evident this cofactor could
also be directly injected into the tumor for localized PA signal
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enhancement.'” A similar concept has been developed that
uses a viral delivery system with cell receptor tyrosine that
triggers the human cancer cells to permanently express eume-
lanin. Using eumelanin as the endogenous contrast in the NIR-I
region, PAT can be used to image tumor growth over time, as
shown in Figure 14."7

One major hurdle in PAT of genetically encoded probes is
the overwhelming background signals from the abundant
hemoglobin. Recently, bacteriophytochromes (BphPs) have
been reported as promising contrast for molecular PAT that
can drastically improve the detection sensitivity. BphPs can
be reversibly photoswitched between the Pfr (ON) and Pr
(OFF) states, which is induced by the photoisomerization of
biliverdin IX located inside the chromophore-binding
pocket. The molar extinction coefficient of BphPs in
the Pfr state at 780 nm is ~70-folds higher that of
oxy-hemoglobin. By repeatedly switching the BphPs
between the ON and OFF states, the PA signals from the
BphPs can be reliably extracted from the non-switching
background hemoglobin signals.!?¢2°° Different photo-
switchable probes can also be identified by using a
machine-learning-based unmixing method."®’

Activatable probe. To improve the detection specificity, a useful
strategy in PA molecular imaging is the ability to activate a
molecular probe under certain biological and physiological
conditions. For example, Ju et al have demonstrated a nanopar-
ticle formulation with a melanin core, whose PA signal can be
amplified by 8 times in mildly acid conditions.?*" This nano-
particle is useful for cancer imaging due to the lower pH micro-
environment inside a tumor. Wang et al have reported a new
NIR probe 1-RGD that was activated by caspase-3, one of the
chain events in apoptosis. Activation of 1-RGD lead to mono-
dispersed nanoparticles with strong PA signal generation,
which allowed for imaging tumor cell apoptosis.?’* Similarly,
using plasmonic nanosensors activatable by epidermal growth

8 1 2 3 4 5 &

Figure 13. PAT of the mouse intestine after oral administration of
frozen micelles of naphthalocyanine dye. The depth was encoded in
color. Reproduced with permission from.'?°

factor receptor, Luke et al was able to image metastatic cancer
cells.?

Another type of activatable PA probes can be used to record
physiological signals. For example, Zhang et al have developed
a voltage-sensitive probe that responds to the voltage stimula-
tion via fluorescence quenching. This probe has the potential to
record action potentials in the brain using PAT.?*® Similarly,
another synthesized PA probe can be activated by Ca'? and
was able to measure electric potentials in the heart, brain, and
skeletal muscles.?**

Conclusion and Outlook

PAT has been demonstrated as a powerful technology to pro-
vide reliable molecular imaging. Various approaches have been
explored to further improve PAT’s penetration depth for mole-
cular applications. Using microwave or X-ray as the radiation
source can greatly increase the penetration depth, but the clin-
ical application is limited to certain targets. NIR light can be
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applied in internal-illumination PAT or PA endoscopy to image
organs closely located to body cavities. Wavefront shaping
combined with ultrasensitive ultrasound transducers can fur-
ther extend penetration depth. In addition, fluence compensa-
tion and artifact reduction reconstruction algorithms are
actively applied to enhance PA images with weak signals.
Deep-learning-based reconstruction methods are growing rap-
idly and have shown great promise to further improve the
image quality at depths. Moreover, many types of novel mole-
cular probes have been extensively studied as PAT contrast,
and their strong optical absorption in the NIR region have
resulted in improved penetration depth.

Future work in PA molecular imaging will likely include all
of the above endeavors in a more integrated, rational, and
clinically-oriented manner. For instance, internal-
illumination PAT can be combined with advanced image
reconstruction methods and high-absorbing molecular probes
to future improve the SNR and image quality. Moreover,
while many promising PA contrast agents have been devel-
oped, most of these studies were carried out in small animal
models. There is a strong need to test these imaging para-
digms in large animals. The costs for required sterile manu-
facturing and toxicity testing are substantially higher than the
small animal applications, so rational selection of target indi-
cation is important. The clinical translation of PA molecular
imaging is still progressing slowly but the potential impact is
not beyond reach. For example, by using the FDA-approved
indocyanine green, it is possible to apply PAT for detecting
tumor malignancy during surgery.’®> Another solution is the
repurposing of natural materials for PA molecular imaging.
For example, roasted barley was found to have strong NIR-II
PA signal and can be used to monitor swallowing in
humans.**® These natural materials have the potential to be
used for human imaging and can be readily translated with
minimized safety risk.
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