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Since changes in mechanical properties of biological tissues are often closely related to pathology,
the viscoelastic properties are important physical parameters for medical diagnosis. A photo-
acoustic (PA) phase-resolved method for noninvasively characterizing the biological tissue vis-
coelasticity has been proposed by Gao et al. [G. Gao, S. Yang, D. Xing, \Viscoelasticity imaging
of biological tissues with phase-resolved photoacoustic measurement," Opt. Lett. 36, 3341–3343
(2011)]. The mathematical relationship between the PA phase delay and the viscosity–elasticity
ratio has been theoretically deduced. Moreover, systems of PA viscoelasticity (PAVE) imaging
including PAVE microscopy and PAVE endoscopy were developed, and high-PA-phase contrast
images re°ecting the tissue viscoelasticity information have been successfully achieved. The
PAVE method has been developed in tumor detection, atherosclerosis characterization and re-
lated vascular endoscopy. We reviewed the development of the PAVE technique and its appli-
cations in biomedical ¯elds. It is believed that PAVE imaging is of great potential in both
biomedical applications and clinical studies.
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1. Introduction

As one of the fastest growing imaging technologies,
photoacoustic (PA) imaging provides excellent
opportunities for in vivo characterization of disease

pathophysiology.1–19 It overcomes the resolution

disadvantages of pure optical imaging and the

contrast disadvantages of pure ultrasound imaging,

bene¯ting from the capacity of high-resolution
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sensing optical contrast at depths beyond the opti-
cal transport mean-free-paths.20–33 PA imaging is
based on the PA e®ect.34 When irradiated by pulsed
laser, tissue absorbs the optical energy and converts
it into ultrasound due to thermal expansion, which
then can be detected by transducers.35–38 Conven-
tional PA imaging is obtained by measuring the
intensity of the temporal PA signals which is gen-
erally in frequency of megahertz (MHz), where the
PA amplitude re°ects the optical absorption con-
trast and provides structural information of the
absorbers.39 Owing to the fact that biological tissues
are usually viscoelastic rather than elastic, there
exists a phase delay between the launched PA
waves and the excitation laser. In view that changes
in biological tissues are often closely related to pa-
thology, the viscoelastic properties are important
physical parameters for medical diagnosis.40,41

Therefore, the PA technique that characterizes the
viscoelasticity of tissues is of great potential in
medical applications and clinical research. In 2011,
Gao et al. proposed a method for noninvasively
characterizing the viscoelasticity of biological tissue
with PA phase-resolved measurements.42 The rela-
tionship between the PA phase delay and the
viscosity–elasticity ratio has been theoretically
deduced. Furthermore, systems of PA viscoelastic-
ity (PAVE) imaging including PAVE microscopy
and PAVE endoscopy (PAVEE) were developed.
Meanwhile, high-contrast PA phase-resolved visco-
elastic images have been successfully achieved. The
PAVE imaging technique has been applied to tumor
detection,43 atherosclerosis characterization44–46

and vascular endoscopy.47 It is believed that PAVE
imaging has great potential in both biomedical
applications and clinical studies. Here, we review
the development of the PAVE technique and its
applications in biomedical ¯elds.

2. Method of the PAVE Imaging

The principle of PAVE method is presented in
Fig. 1(a). When tissues are irradiated by sinusoidal
modulated laser with a laser intensity of I0 and a
modulation frequency of !, optical absorption by
the tissues induces a sine-modulated temperature
variation with a form of T ¼ T0 expði!tÞ. This sine-
modulated temperature variation leads to sinusoi-
dal periodic thermal expansion, which then induces
sinusoidal PA wave emission with frequency equal

to the modulated frequency. Meanwhile, given the
fact that the Grüneisen parameter can be consid-
ered to be a constant for biological tissues, the
amplitude of the produced PA signal is proportional
to the laser energy. The sinusoidal periodic heating
in the region induces local thermal stress, where
strain is then generated. Owing to the damping
e®ect of the viscoelastic tissues, the PA wave alter-
nates periodically with the modulated laser
intensity with a tissue-speci¯c phase lag, which can
be modeled by the rheological Kelvin–Voigt (KV)
model48:

"ðtÞ ¼ "A exp ið!tþ �Þð Þ: ð1Þ

Here, " is the strain, "A is the complex strain
amplitude; � is the phase delay. As shown in Fig. 1(b),
according to the KV model, the tissue-speci¯c phase
lag between the incident laser and the produced PA
signal can be expressed as49

� ¼ arctan
�

E
!

� �
: ð2Þ

Here, E represents the Young's modulus and �
represents the viscosity coe±cient. As can be clearly

Fig. 1. (a) Principle of the PAVE method. (b) Sketch diagram
of the KV model. (c) System of the PAVE imaging.
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seen from Eq. (2), the phase delay � is closely related
to the viscoelastic properties of biological tissues. By
detecting this phase delay, we can obtain the tissues'
viscoelasticity for imaging and diagnosis.

Figure 1(c) shows the experimental setup of the
PAVE imaging. A CW laser (808 nm wavelength)
was used as the excitation source.42 The CW laser
was intensity-modulated by an electrooptic mod-
ulator at a frequency of 50 kHz with a 90% modu-
lation depth. A sinusoidal signal from a function
generator was applied to the electrooptic modula-
tor, where the sinusoidal signal was simultaneously
used as the reference signal to the lock-in ampli¯er.
The laser is focused with a focus lens and illumi-
nates the tissues. The produced PA signal was
detected by a homemade hollow focusing ultra-
sound transducer with a bandwidth of 20 kHz and
50 kHz central frequency. The outer diameter and
the hole size of the hollow transducer are 4 cm and
1 cm, respectively. The PA signals received by the
transducer are ¯rstly preampli¯ed and then trans-
mitted to the lock-in ampli¯er. In experiments, the
samples were placed in a custom-made container
and acoustically coupled with distilled water. In the
PAVE imaging process, the phase delay was then
collected by a computer. By mechanically scanning
the tissue, the two-dimensional viscoelasticity ima-
ges then could be obtained.

To verify the capability of this method in visco-
elasticity measurement, six agar phantoms with
di®erent densities were used to simulate tissues with
di®erent viscoelastic properties. As shown in Fig. 2(a),
the phase delay between the PA wave and the
intensity-modulated laser decreases with the increase

in density of the sample. The PAVE results well
agree with the results obtained by the rheometer.
As the ¯tting lines of the two groups' data are gen-
erally parallel, it indicates that the PA phase delay
can be considered to be related to the viscoelastic
properties of samples, and thus the proposed theory
for the PAVE method is reasonable. In order to
demonstrate that the phase delay is independent of
the optical absorption of the samples, phantoms
made by agar with di®erent optical absorptions are
performed by the PAVE system. The optical
absorptions of these agar phantoms are controlled
by the interfusing of ink. As shown in Fig. 2(b), the
PA phase delays keep constant for agar with
certain density, which indicates that the PAVE
measurement is independent of the optical absorption
coe±cients.

The imaging capability of this method was veri-
¯ed by tissue-mimicking phantoms with di®erent
absorption coe±cients and viscoelastic coe±cients,
as shown in Fig. 3.43 Figure 3(a) shows the pho-
tography of four tissue-mimicking agar phantoms.
The samples marked as \a," \b," \c" and \d"
contain gelatin with the concentrations of 4%, 4%,
7% and 7%, respectively. The samples marked as
\b" and \d" were interfused of ink with proportions
of 4% and 8%. The optical absorption coe±cients at
808 nm were tested to be 1.15 cm�1 and 1.79 cm�1,
respectively, by the UV–vis spectrometer (Lambda
35, PE, USA). Figure 3(b) shows the PA images of
these samples, which are very sensitive to the var-
iations of their optical absorption coe±cients. The
samples marked as \b" and \d" presented bright
images, because their optical absorptions are higher

(a) (b)

Source: Reproduced with permission from Ref. 42.

Fig. 2. (a) Comparison between the phase delay of the PA wave and the internal friction angle measured by rheometer. The values
of phase delays were averaged over 16 tests. (b) Phase delays obtained by PA measurement from agars with di®erent absorption
coe±cients.
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than the samples marked as \a" and \c". The PA
amplitudes of samples \a" and \c" were about
18.3�V and 20.4�V, respectively, where the aver-
aged amplitude of the noise signal was about
10.4�V. Therefore, the signal-to-noise ratio (SNR)
of samples \a" and \c" was about 2:1, which was
large enough for the PA lock-in measurement. The
PAVE images of the four samples are shown in
Fig. 3(c), which can be clearly identi¯ed for samples
with di®erent gelatin concentrations, because the
viscoelastic coe±cients of the samples were di®er-
ent. Figure 3(d) showed the mean value and stan-
dard deviation of the PA amplitude and phase delay
of the four samples. Results indicated that the PA
imaging and the PAVE method could be easily
combined in one system and had the ability to
compensate each other.

In view of the importance of the mechanical prop-
erties of tissues for disease detection, we performed a
tissue imaging to verify the biological tissue imaging
ability of the method. Three kinds of tissues (liver,

muscle and fat from a pig) have been imaged by the
PAVE method, and the experimental result is pre-
sented in Fig. 4. It is demonstrated in Fig. 4(a) that
fat and muscle show lower viscosity–elasticity ratios
compared with that of liver, which also well agrees

Source: Reproduced with permission from Ref. 43.

Fig. 3. (a) Photograph of the imaging samples. (b) Optical absorption image and (c) viscoelasticity image of the tissue-mimicking
phantoms. (d) The averaged amplitude and phase delay of the PA signal from each phantom.

Source: Reproduced with permission from Ref. 42.

Fig. 4. (a) PAVE imaging of sample. (b) Photograph of
sample; the dashed frame is the PA scanning area.
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with the rheometer results. The composite sample can
be clearly revealed by PAVE imaging, and this
method provides enough contrast for distinguishing
di®erent tissues. Figure 4(b) shows the tissue samples
and the scanning area is marked in this ¯gure. These
PAVE results of biological tissues demonstrated that
the PAVE technique has potential for biological
applications and disease detection.

3. Applications of PAVE Imaging

PAVE imaging has wide range of biological appli-
cations, especially it can be used as an alternative
method for characterizing diseases whose mechani-
cal properties possess obvious changes. Moreover, in
view that PAVE imaging is a derivative method to
PA technique, it has the in vivo imaging capability
and can be easily integrated into the existing tech-
niques such as PA microscopy and PA endoscopy.
The PAVE imaging technique has been applied to
tumor detection,43 atherosclerosis characteriza-
tion44–46 and vascular endoscopy.47

3.1. PAVE method for in vivo tumor
detection

As one of the most deadly diseases, tumors may be
accompanied by mechanical change during their

development.50–52 Thus, PAVE imaging is much
suited to detection of these diseases.

In vivo experiments with murine EMT6 tumor
have been performed to demonstrate the feasibility
of the PAVE imaging for tumor detection.43 The
mouse was secured by a clamp on the x–y two-
dimensional scanning stage. The mouse back was
smeared with ultrasound coupling °uid, and was
attached to the glass slide on the bottom of the
water tank. The PA image and the PAVE image of
the murine EMT6 tumor are shown in Fig. 5. The
tumor pro¯le could be visualized in the PA image
in Fig. 5(a), and the PA signal amplitude of the
tumor tissue is slightly higher than that of its
surrounding tissue. While in the PAVE image
shown in Fig. 5(b), the tumor region shows su±-
ciently high contrast to the surrounding normal
tissue, owing to the fact that tumors are usually
sti®er than normal tissues.53 The combination of
PA imaging and PAVE imaging can provide
comprehensive details for pathological diagnosis of
diseases. Figure 5(c) gives the photograph of the
mouse used in the experiments, where the imaging
results correspond well with the mouse photo-
graph. The dashed frame was the imaging area
of Figs. 5(a) and 5(b). Figure 5(d) shows the sta-
tistical results of the mean value and standard
deviation of the phase delay and the PA signal

(a) (b) (c) (d)

(e) (f)

Source: Reproduced with permission from ref. 43.

Fig. 5. (a) Optical absorption image and (b) viscoelasticity image of the tumor. (c) Photograph of the tumor and the dashed frame
is the scanning area. (d) The averaged amplitude and phase delay of the PA signal from the marked tumor region compared to the
normal tissue. (e), (f) Hematoxylin–eosin stains of the normal tissue and tumor tissue.
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amplitudes within and outside of the dashed oval
circle, which correspond to the tumor area and
normal tissues, respectively. The result shows that,
in the PA and PAVE imaging, tumor tissues can be
easily recognized from normal tissue. Histological
sections of tumor and normal tissue were sliced,
which then were stained with hematoxylin–eosin
(HE). The histological results are shown in Figs. 5(e)
and 5(f). Compared with normal tissue, the tumor
tissue appears with densely stained nuclei. These
results demonstrated that the PAVEmethod has the
ability of providing biomechanical information of
tumor tissues, which thus can be used as a useful
technique for medical diagnosis.

3.2. PAVE method for atherosclerosis

characterization

Observations from animal and human models of
atherosclerosis suggest that the plaque development
is initiated by lipid accumulation in the arterial wall
extracellular matrix, which leads to activation of
in°ammation and intimal ¯brosis.54,55 Atheroscle-
rotic plaques with large lipid necrotic cores and thin
¯brous caps are found to be more susceptible to
rupture, which is responsible for the development of
the majority of acute cardiovascular events.56 The
plaque's stability is usually related to its morphol-
ogy and histological composition. Therefore, accu-
rate identi¯cation of plaque may allow the detection
of vulnerable plaques before they rupture. As the
risk of plaque rupture is directly linked to the

mechanical properties of the plaques,57 a compre-
hensive understanding of the mechanical properties
of the plaques can advance understanding of the
pathology of atherosclerotic diseases.58 The PAVE
imaging technique has been applied for precisely
evaluating the viscoelastic properties of atheroscle-
rotic plaques, which could provide new insights into
diagnosis of cardiovascular-related diseases.44–47

3.2.1. Plaque-mimicking phantom test

In order to verify the ability of PAVE imaging for
identi¯cation of plaque lipids, plaque-mimicking
phantoms were studied experimentally, as shown in
Fig. 6. Lipid, which is the main material in early
plaque lesions, was mixed with gelatin in di®erent
concentrations to simulate atherosclerotic plaques
of di®erent stages during the progress of plaques.
Figure 6(a) shows the relation between the lipid
content and phase delay. PAVE images of four
phantoms with di®erent lipid concentrations are
clearly shown in Fig. 6(b). The observed phase
delay of the PA signals increased signi¯cantly with
the increasing density of the lipid. The results in-
dicate that PAVE imaging has great potential for
atherosclerotic diseases characterization.

3.2.2. Rabbit plaque characterization by

PAVE method

We demonstrated the PAVE imaging ability in
rabbit plaques. The result of the viscoelasticity-
induced phase delay of a line-scanning along a

(a) (b)

Source: Reproduced with permission from Ref. 46.

Fig. 6. (a) Relation between the lipid concentration and phase delay. (b) PAVE imaging of phantoms containing various
concentrations of lipid.
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plaque is shown in Fig. 7. As the laser beam scanned
across the plaque, the phase delay varied signi¯-
cantly with tissue type, where the phase delay was
low in the normal regions and high in the lipid-rich
regions. Thus, the atherosclerotic plaque can be
clearly di®erentiated from the normal arterial wall
because of the high viscoelasticity of lipid. The re-
lated Oil Red O stain results of the sections clearly
showed the surface composition changes of the

artery. The correspondence between the histological
sections and the PAVE result demonstrated that
the lipid can provide enough contrast with normal
tissues in the PAVE technique.

3.2.3. PAVE imaging for plaque staging

A representative example was used to demonstrate
the ability of the PAVE imaging system for char-
acterizing atherosclerotic plaques. Figure 8 shows
that the PAVE technique has the potential to
characterize the plaque composition, which is of
crucial importance for monitoring the development
progress of atherosclerotic plaques. Figure 8(a)
shows the region of the arterial lumen in a healthy
rabbit and the atherosclerotic lesions found in high-
fat/high-cholesterol-feeding three- and ¯ve-month-
old rabbits, respectively. The arterial plaques
showed abundant lipid-rich structures di®ering in
appearance from the healthy vessels. Results in
Fig. 8(b) presented that the average phase delay
obtained from images of the lumen surface in the
healthy region is signi¯cantly lower than that in the
atherosclerotic regions. Meanwhile, the average
phase delay from the plaque found in the three-
month-old rabbit is much lower than that found in
the ¯ve-month-old rabbit. Therefore, the phase
delay from regions of plaque increased with the age
of the rabbits, which indicated the overall burden of

Source: Reproduced with permission from Ref. 46.

Fig. 7. Variation in phase delay as the laser beam scans across
the vessel wall from the normal region to the lipid lesion.

Source: Reproduced with permission from Ref. 46.

Fig. 8. (a) Photos and (b) representative PAVE images acquired from the luminal surface of the rabbit arteries, with healthy
lumen (top row) early atherosclerotic plaque (middle row) and atherosclerotic plaque with higher lipid content (bottom row); (c) the
Oil Red O and (d) Masson's trichrome stain images of the areas in the corresponding dashed rectangles. Bars¼ 300�m.

PAVE imaging dedicated to biological tissues mechanical characterization

1730005-7

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
7.

10
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/2
2/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



plaque in the aorta. The lipid accumulation is
clearly shown by the histological sections in Fig. 8(c).
The lipid content increased from a basal average
of 0.018� 0.002 IOD/area in a healthy artery to
0.108� 0.005 IOD=area in the fatty artery after
three months of a high-fat/high-cholesterol diet.
For ¯ve-month-old rabbits, the 0.147� 0.008
IOD=area value of the lipid plaque showed a sig-
ni¯cant di®erence compared with other groups. The
increase of the average viscosity–elasticity ratio was
predominantly due to the accumulated lipid and the
decrease of collagen content [Fig. 8(d)], which plays
an important role in the development of vulnerable
plaque.

3.3. Combined PA and PAVE imaging

for precise and multi-information
plaque characterization

As PAVE imaging is a derivative method to PA
technique, it can be easily integrated into the
existing techniques such as PA microscopy. The
combined PA–PAVE technique could provide
structural, componential and biomechanical infor-
mation of plaques, and thus has received much at-
tention in biomedical ¯elds. To demonstrate the
feasibility of combined PA–PAVE technique for
biomedical application, an atherosclerotic tissue
with a fatty streak harvested from a 15-week-old
high-fat/high-cholesterol diet feeding rabbit was
experimentally tested.45 Laser was illuminated on
the surface of the atherosclerotic sample. A high-
frequency ultrasound transducer with central fre-
quency of 75MHz was used in the system to image

the thin-layer structure of vascular wall. The pho-
tograph of the atherosclerotic tissue was shown in
Fig. 9(a), and tissue within the red dashed frame was
the scanning region in ex vivo examination. The
en-face PAVE and PA images shown in Fig. 9(b)
both distinguished the morphology of the fatty
streak and corresponded well with the sample. The
fatty tissue (main component is lipid) suggested
higher viscoelasticity and slightly lower optical ab-
sorption than those of the surrounding normal tissue
(main component is collagen), which is consistent
with the fact that the viscoelasticity of lipid is
greater than that of collagen59 and the optical ab-
sorption of lipid is lower than that of collagen at
1064 nm.60 The inhomogeneity of viscoelasticity and
absorption distribution at the atherosclerotic tissue
came from the di®erent degrees of lipid accumulation.
After PA experiment, the specimen was sliced and
evaluated with cross-sectional Oil Red O staining.

The integrated PA–PAVE image along the sec-
tional direction and the corresponding histological
sections were shown in Fig. 9(c). In the fatty streak,
the intima thickening resulting from lipid accumu-
lation exhibited high viscoelasticity and dense Oil
Red O staining, where the most severe intima-media
thickening was about 0.7mm and was highly con-
sistent with the histology. The imaging depth
of the PA-PAVE system was about 1.5mm. These
integrated PA–PAVE sections allowed comple-
mentary visualization of en-face viscoelasticity dis-
tribution and in-depth structural anatomy of the
fatty streak, where the distortion of viscoelasticity
distribution of the surface may be an early warning
of plaque rupture, and the degree of intima

(a) (b) (c)

Source: Reproduced with permission from ref. 45.

Fig. 9. (a) Photograph of the atherosclerotic tissue with a fatty streak, the region within dashed frame is the scanning area. (b) En-
face PAVE and absorption images. (c) Integrated PA sections and corresponding histologies. The sections were stained with Oil Red
O (red) to evaluate lipid accumulation and counterstained with hematoxylin (blue) to visualize cell nuclei.
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thickening relates to the lesion extent. These ex-
perimental results demonstrated the feasibility of
PA–PAVE technique for accurate medical evalua-
tion of atherosclerosis.

3.4. PAVE endoscopy

To realize the clinical application of the PAVE
technique, a PAVE endoscope (PAVEE)45 is de-
veloped for potential applications of intraluminal
tissues such as blood vessels, esophagus, rectum and
cervical. The experimental setup of the PAVEE was
shown in Fig. 10. A quasi-continuous 1064 nm laser
with a pulse width of 22 ns and 65 kHz of repetition
frequency was used as the excitation source. The
collimated laser was focused by a microscope ob-
jective and coupled into an optical ¯ber. The distal
end of the optical ¯ber passed through a hollow
motor and ultrasound transducer with 65 kHz cen-
tral frequency to irradiate the laser on a customized
parabolic re°ector, which could simultaneously re-
°ect and focus the laser. The re°ector was ¯xed on a
rotating motor to realize cross-sectional scanning.
The transducer and scanning mirror were held in a
nickel tube, which had opened windows for laser
excitation and detecting PA signals. All the com-
ponents were installed on a motorized pullback
stage to realize a longitudinal scanning. The dis-
tance between the laser focus and transducer was
maintained strictly constant during the data ac-
quisition. The generated PA signals were acousti-
cally coupled with distilled water and detected by
the ultrasound transducer, which then were deliv-
ered to a preampli¯er, and calculated by a lock-in
detector to obtain the phase delay. The data were
collected and analyzed on a computer which

controlled the motorized scanner with a LabVIEW
program simultaneously.

To further validate the feasibility of PAVEE for
biomedical application, ex vivo experiments on
vessels harvested from a three-month-old high-fat/
high-cholesterol diet feeding rabbit were conducted.
The vessel-shaped sample with a 19mm luminal
diameter was prepared, then the PAVEE imaging
was performed in the lumen of the sample. PAVEE
image and en-face viscoelasticity distribution were
shown in Fig. 11(a). The longitudinal PAVEE
image enabled an overall viscoelastic evaluation of
the luminal sample. The atherosclerotic tissue
showed an inhomogeneity of PA viscoelasticity
distribution, which was relatively uniform in the
normal tissue. As expected, the lipid-rich regions
presented higher viscoelasticity and phase delay.
The PAVEE result veri¯ed a good correlation with
both the sample morphology and the corresponding
en-face PA viscoelasticity image. After experiment,
the specimen was cross-sectionally sliced and
stained with Oil Red. As shown in Fig. 11(b), the
cross-sectional PAVEE section and histological
staining at Z ¼ 0:8mm demonstrated a good cor-
relation between PAVEE and histology, where
lipid-rich plaques in atherosclerotic segment sug-
gested high viscoelasticity and dense Oil Red
staining. Our experimental results proved that the
PAVEE has the potential for sensitively di®erenti-
ating atherosclerosis and accurate medical evalua-
tion in situ.

4. Discussion and Conclusion

In the PAVE imaging system, in order to obtain
high data accuracy of the measurement, the time
constant of the lock-in ampli¯er is set to be 300ms.
The acquisition time required for PAVE image of
Fig. 4(a) is about 45min. The imaging speed can be
improved by reducing the time constant of the lock-
in ampli¯er and improving the speed of the scanning
platform. During the measurement, the time of laser
exposure in each scanning point was about 300ms
and the laser-induced temperature increase was
approximately 0.2�C. Thus, the impact of the
temperature increment on the viscoelasticity could
be ignored.

Elasticity and viscosity are the signi¯cant phys-
ical parameters to characterize mechanical proper-
ties of biological tissue. They can potentially be
used to re°ect pathological conditions. Several

Fig. 10. Schematic of the experimental setup for PAVEE;
MO: microscopic objective, UT: ultrasound transducer and OF:
optical ¯ber.
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imaging techniques, including ultrasound elasto-
graphy,61 magnetic resonance elastography (MRE),62

optical coherence elastography (OCE)63 and PA
elastography,64 have been used for mapping elasticity
distribution. However, we noticed that these techni-
ques ignore the fact that biological tissues are usually
considered to be viscoelastic rather than elastic. In
contrast, the PAVE technique has the capacity to
reveal the viscoelastic properties of tissues, which
thus could provide new insights into biomechanical
diagnosis with richer information.

The measured phase by our system is the phase
di®erence between the PA signal and the reference
signal used to modulate the laser, which can be
considered as a sum of the viscoelasticity-related
phase delay, nonradiative transition-induced phase
delay and system delay. Since the relaxation time
for nonradiative transition is about 10�11 s,65 it
then can be neglected in our measurement. Al-
though the system delay is di±cult to measure, it
can maintain stably and keep constant in the same
system. However, in the PAVE imaging, as the
distance between the sample and the ultrasound
transducer in°uences the phase delay, the surface of
sample needs to be smooth during experiments,
which may limit its in vivo applications. It is also
noticed that, as the PAVE measurement is based on
phase detection by a lock-in ampli¯er, this method

lost its capability of depth-resolved imaging, which
may be complemented by conventional PA tech-
nique. Furthermore, we realized that quantitative
elasticity and viscosity of the tissues cannot be
resolved by the PAVE method, which hinders its
biological applications. Further development of this
technique is still needed to explore the possibility of
breakthrough in these limitations.

In conclusion, we reviewed the development of
the PAVE technique and its applications in bio-
medical ¯elds, and discussed its limitations. The
PAVE method has been developed in tumor de-
tection, atherosclerosis characterization and related
vascular endoscopy. Even though there are still
some limitations that existed in the PAVE imaging,
it is trusted that it is of great potential in both
biomedical research and clinical study.
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