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Abstract
The quantized vibration of chemical bonds provides a way of imaging target molecules in a
complex tissue environment. Photoacoustic detection of harmonic vibrational transitions provides
an approach to visualize tissue content beyond the ballistic photon regime. This method involves
pulsed laser excitation of overtone transitions in target molecules inside a tissue. Fast relaxation of
the vibrational energy into heat results in a local temperature rise on the order of mK and a
subsequent generation of acoustic waves detectable with an ultrasonic transducer. In this
perspective, we review recent advances that demonstrate the advantages of vibration-based
photoacoustic imaging and illustrate its potential in diagnosing cardiovascular plaques. An outlook
into future development of vibrational photoacoustic endoscopy and tomography is provided.
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Vibrational spectroscopy and imaging based on infrared absorption, near infrared
absorption, and spontaneous Raman scattering have been applied intensively to
biomedicine 1–3. With high sensitivity and 3-demensional sectioning capability, nonlinear
vibrational microscopies based on coherent anti-Stokes Raman scattering 4,5 and stimulated
Raman scattering 6,7 have shed new light on biomedical research 8. While coherent Raman
scattering microscopy offers submicron resolution for mapping subcellular structures, it
employs ballistic photons under the tight focusing condition and thus has a limited tissue
penetration depth of ca. 100 µm, which prevents its potential use for imaging deep tissue in
clinical settings. With a superior imaging depth, diffused optical tomography based on near
infrared absorption and Raman scattering has been successfully developed for biomedical
study, even in clinical settings 9,10. This modality interrogates the subjects with photons and
detects the output signal with a photon detector. When a biological tissue of mm to cm thick
is investigated, the output photons undergo multiple scattering within the sample and hence
carry only the spatially averaged information from a bulk volume. As a result, the spatial
resolution is significantly compromised. Moreover, sophisticated excitation schemes and/or
imaging processing algorithms are needed to separate molecular absorption from scattering.
Therefore, new imaging platforms are needed in order to reach deep tissue while
maintaining high chemical selectivity and spatial resolution in order to satisfy biomedical
diagnostic needs.

An elegant way towards such a goal is through the coupling of photons and sound. When a
photon is absorbed by a molecule, part of the absorbed energy is converted into heat. If the
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absorption takes place in a short time (e.g., induced by a nanosecond laser pulse), the local
heating leads to thermal expansion and contraction followed by creation of pressure
transients, which then propagate as acoustic waves detectable by an ultrasonic transducer.
This creation of acoustic waves by pulsed absorption of light is called the photoacoustic
effect, documented by Alexander Graham Bell as early in 1880 11. Photoacoustic waves can
be excited by microwave pulses or by laser pulses such as a laser. The principle of laser-
based photoacoustic tomography is depicted in Figure 1. A pulsed laser beam is expanded
by an optical diffuser, which then irradiates a specimen containing optical absorbers with
significant absorption at the laser wavelength. Part of the absorbed energy heats the
surrounding region of the absorbers, resulting in a temperature rise on the order of mK and a
subsequent generation of acoustic waves. The measured waveform as the output of a
transducer is bipolar, a positive peak followed by a negative peak. The amplitude of the
photoacoustic waveform is proportional to the absorption coefficient and the light fluence,

(1)

where E is the radiation fluence; β is the thermal coefficient of volume expansion; α is the
absorption coefficient; n is the concentration of absorbers; κ is the Bulk modulus; ρ is the
mass density; and Cp is the specific heat capacity at constant pressure.

Importantly, the time of flight of the PA signal carries the information about the location of
the absorber. Hence, distribution of the optical absorbers responsible for the PA generation
can be determined by using an image reconstruction algorithm. Because the speed of sound
is about 1.5 mm/µs inside a soft tissue, a spatial resolution on the order of 0.1 mm can be
achieved with a transducer of 10 MHz bandwidth. The PA imaging technique offers several
unique advantages over its pure optical counterparts. Firstly, higher resolution in deep tissue
owing to the detection of acoustic waves, scattering of which is about three orders of
magnitude less than optical scattering. Secondly, since the PA signal is originated from
absorption of photons, it eliminates the background caused by scattering and offers a
molecular contrast based on optical absorption. Thirdly, the PA signal generation does not
solely depend on ballistic photons. The diffused photons equally contribute to the signal,
which leads to centimeter scale imaging depth in a tomography configuration.

The field of PA imaging has grown rapidly during the past decade, resulting in numerous
biomedical applications 12–14. Most of those applications were based on electronic
absorption of hemoglobin 15–17, while others employed exogenous contrast agents such as
dyes and nano-materials 18–25. In this perspective, we review recent advances in label-free
spectroscopic PA imaging using vibrational absorption as a novel contrast mechanism. We
start with an introduction of two vibrational absorption processes that have been used for PA
imaging, with a focus on overtone transitions. Specific applications to lipid and connective
tissue imaging will be given to illustrate the potential impact of the technology on
biomedicine. Translational potential of vibrational PA imaging in diagnosis of
atherosclerosis and other human disorders will be discussed.

Molecular vibrational transition offers a novel mechanism for generation of
photoacoustic waves inside a tissue

Recent studies revealed new possibilities of implementing PA imaging by using vibrational
absorption as the contrast mechanism. One is based on molecular overtone (Fig. 2(A)) as
well as combinational transitions that are allowed by anharmonicity of chemical bond
vibration 26. The transition frequency of an overtone band is described by
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(2)

where Ω0 is the frequency of a fundamental vibration, χ is the anharmonicity, and n = 2, 3,
… represents the first, second, and so on, overtone. The molecules directly absorb the
photons when an incident laser frequency resonates with an overtone transition. Stimulated
Raman scattering is another process that has been used to produce PA signals 27. A
stimulated Raman scattering process involves a pump beam at frequency ωp and a Stokes
beam at frequency ωs. When (ωp – ωs) is tuned to the frequency of a fundamental vibration
(Fig. 2(B)), a gain in Stokes field intensity and a loss in pump field intensity occur via light-
molecule interactions. The energy difference, ℏ(ωp-ωs) = ℏΩ0, is absorbed by the interacted
molecules 28. In both overtone transition and SRS processes, fast relaxation of vibrational
energy into heat offers a mechanism for generation of acoustic waves. SRS based PA
microscopy was reported by Yakovlev and coworkers 29,30. Compared to the overtone
transitions, SRS has a much lower efficiency in light-matter energy transfer 31.
Consequently, PA-SRS has relatively low detection sensitivity and it suffers from
background induced by absorption of individual pump and Stokes beams. In this
perspective, we focus on deep tissue imaging enabled by photoacoustic detection of
molecular overtone absorption.

We note that photoacoustic overtone spectroscopy was reported more than thirty years ago
by Tam and Patel 32–35. At that time, applications were focused on spectroscopic study of
pure liquids of H2O, D2O and benzene. The applicability of overtone absorption to
photoacoustic imaging of biological tissues has not been explored until very
recently 31,36–38. Han-Wei Wang et al. reported an important study that demonstrated the
feasibility of vibrational photoacoustic microscopy 31. At first glance, the absorption cross
section of hemoglobin (9.1 × 10−17 cm2/molecule at 550 nm) is about 6 orders of magnitude
larger than that of the second overtone transition of CH bond (2.7 × 10−22 at 1200 nm) 39.
Nevertheless, the molar density of hemoglobin in whole blood (～ 1 × 10−2 M) is much
lower than that of CH bonds in olive oil (5 × 101 M). Experimentally, Wang et al. compared
microscopic PA imaging of whole blood by 5-ns pulsed excitation at 555 nm and PA
imaging of olive oil by 5-ns pulsed excitation at 1200 nm. Both samples were embedded in a
glass tube. The same level of signals was produced by using 22 µJ for PA imaging of olive
oil and 2.59 µJ for PA imaging of whole blood. These data suggest that the PA imaging of
chemical bonds is possible when the target subject has high chemical bond density. Given
the fact that OH and CH are the most abundant chemical bonds in biological tissues, it is
promising to develop bond-selective PA imaging modalities for visualization of water that is
abundant of OH bonds, lipid bodies that are abundant of CH2 groups, and protein aggregates
that are abundant of CH3 groups.

Lihong Wang and coworkers reported that water in phantoms and in tissues can be
visualized by excitation at 970 nm 40, where the high order combination bands of symmetric
and asymmetric stretching mode of OH bond reside 41. However, the absorption coefficient
of pure water at this wavelength is an order of magnitude smaller than that of whole blood,
which limits in vivo applications. Moreover, water molecules are abundant everywhere in
most biological samples. If water is excited at its lower order overtone or combination
bands, the abundant water absorption will strongly attenuate the light fluence into the deep
tissue. Given that the absorption coefficient of water is ～ 30 cm–1 for the first combination
bands at 1450 nm, the absorption mean free path is only ～ 300 µm. Therefore, water is not
an ideal target for vibration based PA imaging. On the other hand, the CH bonds are only
abundant in certain types of biological structures, such as CH2-rich lipid bodies and CH3-
rich collagens. It means that the contrast-depth dilemma does not present in PA imaging of
CH bonds.
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A few studies were conducted to determine the suitable wavelengths for PA imaging of CH
bonds 31,42. As shown in Figure 3(A), electronic absorption of hemoglobin is dominant in a
window ranging from the visible to the near infrared region (i.e., 400 nm to 1.0 µm). The
hemoglobin absorption overwhelmed the 3rd and higher order CH overtone transitions
located in the same region. For wavelength longer than 1.0 µm, significant water absorption
due to overtone transitions of OH bonds reduces the photon fluence inside the biological
samples. Nevertheless, two valleys exist in the water vibrational absorption spectrum, 1000
to 1300 nm and 1600 to 1850 nm, respectively (highlighted in light blue). Importantly, the
2nd and 1st overtone transitions of CH bonds are located at the windows of 1000–1300 and
1600–1850 nm, respectively. These spectral features produce two optical windows for CH
bond selective imaging.

Pu Wang et al. performed a detailed analysis of photoacoustic vibrational spectra of CH, OH
and OD bonds 42. As shown in Figure 3(B), polyethylene provides the absorption profile of
the methylene group (CH2), for which the first overtone (2ν CH2) shows two primary peaks
around 1730 nm (5800 cm–1) and 1760 nm (5680 cm–1), respectively. The stronger peak at
1730 nm is generally thought to be a combination band of asymmetric and symmetric
stretching (νa+νs) 41. The 1760 nm peak is assigned to the first overtone of CH2
stretching 41. The second combination band of CH2, located between 1350 and 1500 nm, is
attributed to the combination of harmonic stretching and a non-stretching mode, such as
bending, twisting and rocking (2ν+δ) 41. The second overtone of CH2 stretching is peaked
around 1210 nm. It was shown that the PA amplitude at 1730 nm is around 6.3 times of that
at 1210 nm 42. The spectrum of trimethylpentane is mainly contributed by the absorption
profile of methyl groups (CH3). The primary peak around 1700 nm (5880 cm–1) is assigned
to the first overtone of CH3 stretching. It is clear that the CH2 and CH3 groups have
distinguishable profiles at the first overtone region, which allowed multispectral PA imaging
of fat and collagen 43. The second combination band of CH3 starts from 1350 nm to 1500
nm with the main peak around 1380 nm, which is generally thought to be 2ν+δ 41. The
second overtone of CH3 stretching shows the primary peak around 1195 nm. Figure 3(C)
shows the PA spectra of H2O and D2O liquid in the 1.0 to 2.0 µm window. The ν2+ν3
combinational band and the ν1+ν3 combinational band appear at 1940 nm and 1450 nm,
respectively. Here ν1, ν2 and ν3 denote the symmetric, bending, asymmetric vibration of
water molecule, respectively. Due to the heavier mass of deuterium, the prominent overtone
and combinational bands of D2O are located at longer wavelength. Thus, D2O can be used
as an acoustic coupling agent during vibration-based PA imaging.

As there are two optical windows for PA imaging of CH bonds, it raises a question which
window should be used for specific applications. On one hand, excitation of the first
overtone of CH bond gives 6–7 times higher signal than excitation of the second overtone.
On the other hand, as water is a dominant absorber in tissue and water absorption is
enhanced at longer wavelengths, the photon fluence in deep tissue is more effectively
reduced when excitation happens at the first overtone region. Figure 4(A) shows the PA
overtone spectra of polyethylene acquired through a water layer of different thickness. The
figure inset shows the schematic of the experiment setup. Increasing the water layer
thickness resulted in a faster decrease of PA signal at 1730 nm. Nevertheless, the PA signal
produced by the first overtone remains larger than that of the second overtone when a water
layer of 2.9 mm was added to the beam path. To validate the data, we theoretically
computed the local light flux using the Beer-Lambert law for water absorption and
calculated the ratio of PA signal by first overtone excitation to that by second overtone
excitation. The result is shown in Figure 4(B). The calculated values agree well with the
experimental data, showing that 1730 nm excitation is beneficial even through 3 mm water
absorption 42. These results suggest that excitation at the first overtone of CH bond is
favorable in the applications where millimeter-scale penetration depth is needed, such as PA
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microscopy of harvested tissues and intravascular PA imaging of an atherosclerotic artery.
When dealing with applications which require a penetration depth larger than a few
millimeter, excitation of the second overtone of CH becomes a better choice.

Overtone absorption based PA imaging offers an avenue of mapping lipids
in biological samples

Lipid accumulation usually gives about one order of magnitude higher signal compared to
the surrounding connective tissues in PA imaging with 1730 or 1210 nm excitation, owing
to the dense packing of CH2 group in lipid. Therefore, it is highly favorable to use single
resonant wavelength to map distribution of the lipid in biological samples. Several
applications were demonstrated by PA imaging of CH2 groups. Wang et al. examined the
intramuscular fat in a fresh muscle tissue (Fig. 5(A)). Intramuscular lipids are involved in
metabolic disorders, but its assessment in fresh tissues is difficult 44. In this study,
intramuscular fat was inspected using PA microscopy which is based on overtone absorption
of CH bonds with a penetration depth of over 1 mm. The result shows the exciting potential
of using this technique for quantitative measurement of intramuscular fat accumulation in
metabolic disorders. Owing to the abundant CH2 groups accumulated in myelin sheath, the
white matter in spinal cord can also be visualized using PA microscopy based on CH
overtone absorption (Fig. 5(B)). From the cross-sectional image, a contrast of ～ 2.5 times
between the white matter and grey matter was obtained. This suggests that vibration-based
PA microscopy could be potentially applied to the assessment of white matter loss during
spinal cord injury and its repairing process. Fig. 5(C) shows 3-D imaging of fat bodies of
whole 3rd-instar larvae in vivo. The projection and sectional images elucidate the
distribution of lipid storage along the anterior-posterior and the ventral-dorsal axis. Depth-
resolved spectroscopy at certain points was also performed for confirmation purpose. The
demonstrated capability of label-free visualization of adipose tissues in Drosophila is
important for the rapid determination of phenotype, which will decrease the time required to
conduct genetic screens for targets of fat metabolism and autophagy in this model
organism 45,46.

Intravascular vibrational PA catheter is a potential game changer in
diagnosing vulnerable plaques in atherosclerosis

Beyond the lipid studies in microscopy settings, applications which are more clinical
relevant are emerging. One example is intravascular photoacoustic (IVPA) catheter for
diagnosis of plaques in atherosclerosis. Cardiovascular disease (CVD) is the No. 1 cause of
death in the United States. More than 2200 people die of CVD every day 47. Majority of the
fatal acute syndromes are due to vulnerable plaques, referred as plaques having high risk to
rupture and cause thrombosis. Of all physiological features, lipid rich core, thin fibrous cap,
and infiltration of inflammatory cells are considered as major factors accounting for the high
risk of acute cardiovascular syndrome 48. Current imaging modalities such as magnetic
resonance imaging (MRI), x-ray angiography, intravascular ultrasound (IVUS), optical
coherence tomography (OCT) and multislice spiral computed tomography (MSCT) provide
valuable information of plaque from different respects 49–51. However, these modalities lack
the compositional contrast. An emerging technology provides the compositional information
of lipid by combination of NIR spectroscopy and IVUS 52, but it has limited capability in
characterizing the size of the lipid core which is critical for characterization of plaque
vulnerability. For the purpose of diagnosis, prognosis and therapeutic treatment assessment,
an imaging tool that can provide reliable information about the atherosclerotic plaques in a
clinical setting is critically need.
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An IVPA catheter utilizing vibrational absorption as contrast mechanism is potentially a
game changer. As shown in Figure 6(A–B), lipid-rich core presents a distinguishable
contrast in the presence of luminal blood upon excitation of the first overtone of CH
bond 42. Compared to 2nd overtone excitation, the 1st overtone excitation holds the
advantages of lower scattering and larger signal (Fig. 6(C–D)). Therefore, it is considered as
the optimal wavelength for IVPA imaging of an atherosclerotic plaque. The concept of
IVPA imaging of atherosclerotic arterial wall has been demonstrated by several
groups 31,36,53,54. Jansen et al. demonstrated in vitro intravascular imaging using a PA probe
with 1200 nm excitation of the second overtone of CH bond 36. B. Wang et al. applied the
first overtone of CH at 1730 nm as the excitation source to perform the intravascular
imaging 37. In their study, the plaque inside the arterial wall was visualized in the presence
of luminal blood, suggesting no requirement for saline flush in an IVPA imaging procedure.
This feature is critical because it makes IVPA naturally compatible with the IVUS modality
that is widely used in clinic. Figure 7 presents the first result of using 2nd overtone
absorption of CH as contrast to visualize the atherosclerotic plaque in endoscopic setting. As
seen in the figure, the lipid distribution is clearly mapped under 1210 nm excitation 36.
Although the development of IVPA catheter is still at its early stage, its bright future is
clearly foreseen.

Multispectral Vibrational PA imaging differentiates multiple components in
a biological specimen

A key value of vibration-based PA imaging is the spectral information embedded in a
vibrational overtone spectrum. By making use of the distinctive spectral profiles of CH2 and
CH3 groups in the first CH overtone bands, Pu Wang et al. demonstrated selective imaging
of CH2 rich fat and CH3 rich collage through multispectral PA imaging in the window from
1650 nm to 1850 nm 43. This area of study is important because lipid deposition and
collagen remodeling occur in many kinds of human diseases, including atherosclerosis and
fatty liver diseases 55,56.

For quantitative analysis of the multispectral PA images, Wang et al. exploited the
Multivariate Curve Resolution - Alternating Least Squares (MCR-ALS) method 57 to
recover the concentration maps and spectral profiles of fat and collagen 43. Compared to the
linear inversion method, which determines the concentration maps by least-squares fitting of
the multispectral images using known spectral profiles of pure components, MCR analysis
has two advantages. Firstly, by applying principal component analysis and MCR, one can
determine the major components of a specimen and map the concentrations of each
component without a priori knowledge of the chemical compositions and their spectroscopic
information. Therefore, this method can be potentially used for real tissue analysis where the
spectral profiles of major components are unknown. Secondly, when dealing with deep
tissue spectral analysis, a simple linear inversion method fails because complex light
scattering and absorption in deep tissue alter the spectral profiles. On the other hand, the
MCR-ALS method uses the spectral profiles from the pure components as initial input for
the iterative optimization. Once the self-optimization process reaches a convergence, the
finally resolved spectral profiles match the real spectral profiles of the components in deep
tissue. In MCR-ALS analysis, the constructed multispectral image as a 3-D matrix (x×z×λ)
is unfolded into a 2-D matrix D with the size of ((x×z)×λ), in which the rows are spectra of
different pixels. This data set is fit by a bilinear model to produce two matrices, C and ST,
plus an error matrix, E, expressed as

(3)
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Each row in ST, which has the size (q×λ), represents the spectrum of one of the q chemical
components. Each column in C, which is sized ((x×z)×q), represents the distribution of one
of the q components. The matrix C is then refolded to q images, representing distribution
map of q chemical components. An ALS algorithm 58 is exploited to solve the MCR bilinear
model. This algorithm iteratively optimizes the spectral matrix ST and the distribution
matrix C, with the aid of various constraints (e.g. non-negativity, unimodality, closure)
according to the chemical properties and origin of mathematics to reduce the
ambiguity 59,60.

To demonstrate the value of multispectral PA imaging of chemical bond vibration, Wang et
al. conducted a study that differentiated collagen and fat in a phantom composed of rat tail
tendon (rich in collagen) and adipose tissue (rich in lipids) 43. Multispectral photoacoustic
imaging and MCR-ALS analysis of atherosclerotic artery is demonstrated in Fig. 8. A total
of 21 wavelengths from 1700 nm to 1830 nm, which covers the first overtone region of C–H
bond, were scanned to construct a multispectral image stack. The images at selected
wavelengths are shown in Fig. 8(A). In order to obtain the contrast between lipid and
connective tissue, MCR-ALS analysis was applied to obtain the chemical maps (Fig. 8(B)).
Component 1 is assigned as deposited lipid because its profile resembled that of CH2 groups
enriched in lipid. Component 2 is attributed to the connective tissue because its spectral
profile resembles that of CH3 groups enriched in proteins. Comparison of spectra obtained
from the MCR-ALS analysis and typical overtone spectra of CH2 and CH3 groups further
validated the assignments (Fig. 8(C)). The spectrum of component 1 shows two peaks at
1725 nm and 1760 nm, which are the first overtone of stretching mode of the CH2 group.
The spectrum of component 2 shows a peak at ca. 1700 nm, where the peak of first overtone
of CH3 group is located. As CH3 groups are highly abundant in protein, we assign the
spectrum of component 2 to collagen-containing connective tissue or smooth muscle tissue.
The histology image of the investigated sample with standard Masson’s trichrome staining is
shown in Fig. 8(D). The white color in histology image indicates the deposition of lipid,
whereas collagen was stained in blue and smooth muscle tissue was stained in red. The
photoacoustic compositional mapping agreed well with standard histology. We note that
quantification of the concentration of chemical components in deep tissue is challenging due
to the fact that spectra profiles of the major components are corrupted by the wavelength
dependence of the fluence distribution. The traditional linear inversion method fails because
complex light scattering and absorption in deep tissue alter the spectra profiles. The MCR-
ALS method uses the spectra profiles from the pure components as initial input for the
iterative optimization. Once the self-optimization process reaches a convergence, the finally
resolved spectra profiles match the real spectra profiles of the components in deep tissue.
However, the MCR analysis is also based on a linear model. Therefore, the nonlinear
behavior of the spectral profile in different depths of a tissue cannot be fully addressed by
MCR-ALS. Advanced analytical methods need to be developed in order to quantify the
chemical components in deep tissue.

An imaging depth at centimeter scale is possible with vibration based PA
tomography

As the output signal in response to the input photons is acoustic waves in PA tomography
(PAT), this imaging modality is not prone to scattering and therefore is capable of imaging a
biological sample of several centimeters in size 13. Although scattering deteriorates the
depth resolution in pure optical imaging, PA tomography makes use of it for uniform
illumination. Based on electronic absorption in the visible or near infrared region, PAT
imaging of various organs sized in the centimeter scale has been demonstrated 13,15,24,61–63.
Vibration-based PAT is promising based on the following considerations. Firstly, in PA
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tomography, the imaging depth mainly depends upon the light fluence at the target. Because
the output signal amplitude scales with the laser fluence and the whole volume of the sample
is illuminated, a laser source with high energy per pulse is required. Such a source is
possible through a Raman laser pumped by a Nd:YAG laser 64, Secondly, the presence of
background absorbers in the sample affects the imaging depth as it prevents light penetration
into the deep due to attenuation. This concern can be circumvented by selecting a
wavelength where the background absorbers have medium absorption. The two windows,
1150～1250 nm and 1700～1760 nm, are preferred as water, the dominant absorber at these
wavelengths, is less absorbing as compared to the absorption due to the overtone vibrational
transition of CH bond. Thirdly, based on the ANSI safety limit 65, the maximum permissible
exposure (MPE) is ～20 mJ/cm2 at the wavelength of 800 nm, 100 mJ/cm2 at the wavelength
of 1200 nm, and 1 J/cm2 at the wavelength of 1700 nm. Therefore, for PA imaging at the
two aforementioned windows, the input light fluence can be increased by about 5–50 times
compared to that in the 800 nm region. This will increase the output acoustic signal as it
scales with the input light fluence, so that a good signal to noise ratio at the desired imaging
depth can be obtained. There advantages render it promising to transform molecular
spectroscopy, a hard core of physical chemistry, into a biomedical device that sees the
unseen inside the human body. Such a platform holds great potential in noninvasive
diagnosis of prostate cancer, breast cancer, fatty liver, cardiovascular plaques, and other
disorders.
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Figure 1.
The principle of laser-based photoacoustic tomography.
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Figure 2.
Principles of overtone absorption (A) and stimulated Raman scattering process (B). v
denotes the vibration energy levels
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Figure 3. PA spectra of various chemical bond vibrations
(A) Absorption spectra of whole blood and pure water. (B) PA spectra of polyethylene and
trimethylpentane. (C) PA spectra of water and deuterium oxide. Adapted from Wang et al, J
Biophotonics (2012).
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Figure 4. Phantom study that evaluates the effect of water on PA imaging in the near-infrared
region
(A) PA spectra of PE at different water layer thickness. The inset figure shows the schematic
of the constructed phantom. PE: polyethylene. (B) PA amplitude ratio between the first and
second overtone excitation as a function of water layer thickness. Adapted from Wang et al.,
J Biophotonics (2012).
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Figure 5. Microscopic PA imaging of biological systems using overtone transition as contrast
(A) 3-D PA microscopy of intramuscular fat. Right bottom is the photograph of the same
region. (B) PA microscopy of spinal cord cross-section. (C) In vivo 3-D PA microscopy of
lipid accumulation in Drosophila larva. The right bottom shows the spectra of selected
locations. Figure 5(C) is adapted from Wang et al., Phy. Rev. Lett. (2011).
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Figure 6. PA imaging and spectroscopy of arterial plaque in the presence of blood
(A) Schematic for PA imaging of an artery through whole blood. (B) 3D imaging of arterial
plaque by 1730 nm excitation. Lumen and blood are indicated with red arrows. To precisely
control the thickness at 0.5 mm, the blood was sandwiched between two cover glasses. As
the result, the ultrasound signal from the blood layer was reflected by the glasses for
multiple times, which generated an interference pattern of the signal from blood. (C) PA
image at selected x–z plane under 1730 nm excitation. (D) PA image at selected x–z plane
under 1210 nm excitation. (E) PA spectrum taken at the lipid deposition pointed by red
arrow in (C). Scale bar: 1 mm. Adapted from Wang et al, J Biophotonics (2012).
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Figure 7. IVPA/IVUS imaging of an advanced human atherosclerotic plaque
(A) Histology: Oil Red O stain shows the presence of a lipid-rich plaque (*) as well as a
calcified area (Ca). Lu, lumen; Pf, peri-adventitial fat. (B) IVUS image, IVPA images at (C)
1210nm (high lipid absorption) and (D) 1230nm (low lipid absorption). Arrowheads indicate
the needle used for marking. Adapted from Jansen et al, Opt. Lett. (2011).
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Figure 8. Multispectral PA imaging of a plaque artery and MCR-ALS analysis
(A) Selected images from a 21-wavelength multispectral PA image. (B) Composition maps
of the two components derived from the MCR-ALS analysis. (C) Spectral profiles recovered
from augmented MCR-ALS analysis. (D) Histology image of same artery tissue at selected
cross-section.
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