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A reflection-mode photoacoustic microscope using a hollow focused ultrasound transducer is developed for high-

resolution in vivo imaging. A confocal structure of the laser and the ultrasound is used to improve the system resolution.

The axial and lateral resolutions of the system are measured to be ∼ 32 µm and ∼ 58 µm, respectively. Ex vivo and

in vivo modes are tested to validate the imaging capability of the photoacoustic microscope. The adjacent vein and

artery can be seen clearly from the reconstructed photoacoustic images. The results demonstrate that the reflection-

mode photoacoustic microscope can be used for high-resolution imaging of micro-blood vessels, which would be of great

benefit for monitoring the neovascularization in tumor angiogenesis.
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1. Introduction

Photoacoustic (PA) imaging is based on the gen-

eration of acoustic waves when a pulsed laser is ab-

sorbed by tissue chromophores. A thermoelastic pres-

sure transient is generated by the induced temper-

ature rise. The amplitude of the generated ultra-

sound is dependent on the amount of the absorbed

light that is determined by the local energy fluence

and the optical absorption coefficient of the target tis-

sue. As a high-resolution, high-contrast, and non-

invasive imaging modality,[1−6] PA imaging has re-

cently attracted considerable attention and been sug-

gested as a new technique for noninvasive imaging

of blood vessels.[7−13] Compared to optical imaging

technology,[14−15] PA imaging has a better penetra-

tion depth.

In this study, a reflection-mode PA microscope

using a hollow focused ultrasound transducer is de-

veloped for imaging blood vessels. It has a confocal

structure for the light and the ultrasound. The ax-

ial and lateral resolutions of the system are quanti-

tatively analyzed to be ∼ 32 µm and ∼ 58 µm, re-

spectively. The PA images of the simulation sam-

ple and the ex vivo blood vessels of a mouse’s back

are reconstructed by using the maximum amplitude

projection algorithm.[16] Furthermore, experiments of

imaging the in vivo blood vessels of a mouse’s back

are performed with the system. The results demon-

strate that the system can reconstruct PA images of

biological tissue in vivo with high contrast and high

resolution. It could be used for monitoring the neo-

vascularization in tumor angiogenesis.

2. Imagining system

2.1. Imaging principle

The schematic diagram and the coordinates of

the hollow focused ultrasound transducer are shown

in Fig. 1. In theory, according to the Rayleigh inte-

gral, the sound field distribution function of the hollow

focused ultrasound transducer can be expressed as

p = jkcρ

∫∫
S

u

2πr1
e−jkr1 e−αr1 dS, (1)

where k is the wave number, c is the speed of sound,

ρ is the mass density, u is the surface velocity, α is the

∗Project supported by the National Basic Research Program of China (Grant Nos. 2010CB732602 and 2011CB910402), the Program

for Changjiang Scholars and Innovative Research Team in University, China (Grant No. IRT0829), the National Natural Science

Foundation of China (Grant Nos. 30870676, 81127004 and 11104087), and the Foundation for Distinguished Young Talents in

Higher Education of Guangdong, China (Grant No. LYM10061).
†Corresponding author. E-mail: yangsh@scnu.edu.cn

© 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

054211-1



Chin. Phys. B Vol. 21, No. 5 (2012) 054211

attenuation coefficient of the medium, and r1 is the

distance between integral element dS and space point

Q. The integral element dS can be expressed as

dS = R1dR1dβ, (2)

where β is the azimuth difference between integral el-

ement dS and space point Q, R1 is the distance be-

tween the origin of the coordinate and integral element

dS. The r1 can be given by

r1 =

[
r20 − 2r0R1

√
1− R2

1

4R2
sin θ cosβ

+R2
1

(
1− r0 cos θ

R

)]1/2
, (3)

where r0 is the distance between space point Q and

the origin of the coordinate, θ is the angle between r0
and the z axis and can be expressed as

θ = arctan
(r0
z

)
. (4)

Combining formulae (1)–(4), on the focal plane of

z = R, we can express the length of the ultrasonic

focal spot along the z axis as

∆z = 4
λR2

b2
, (5)

where λ is the wavelength of the acoustic wave, b is

the distance between the z axis and the edge of the

transducer. The radius of the ultrasonic focal spot

perpendicular to the z axis can be expressed as

∆r = 0.61
λR

b
. (6)

The distance between the ultrasonic focal spot and

the transducer bottom is 9 mm. Radius b and distance

R are 10 mm and 13.45 mm, respectively. The hollow
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Fig. 1. Schematic diagram and coordinates of the hollow

focused ultrasound transducer. The length and the radius

of the ultrasonic focal spot can be calculated by using the

parameters in the diagram.

focused ultrasound transducer has a center frequency

of 15 MHz, the corresponding wavelength λ is 10−4 m.

According to formulae (5) and (6), the length and the

radius of the ultrasonic focal spot are 723.6 µm and

82.05 µm, respectively.

2.2. Experimental system

The schematic diagram of the experimental setup

is shown in Fig. 2(a). An Nd:YAG laser, operating at

a wavelength of 532 nm with a full width at half maxi-

mum (FWHW) of 10 ns and a repetition of 15 Hz, was

used in the experiment as the light source. Light re-

flected by a reflector was focused by a condenser lens.

The focusing light passed through a pinhole, and then

was focused by another condenser lens. A hollow fo-

cused ultrasound transducer was used to receive the

PA signals from the test sample. Figure 2(b) is a pho-

tograph of the hollow focused ultrasound transducer

with a length of 65 mm. Its inner and outer diame-

ters were 2.7 mm and 20 mm, respectively. The test

sample was fixed onto a sample support under a water

container. The water container was filled with water,

which was used as the ultrasonic coupling medium.

The test sample and the ultrasonic coupling medium

were separated by a transparent plastic film to prevent

them from contacting each other. The light and the

ultrasound were confocal in the experimental setup.

The focusing light, which passed through the hollow

focused ultrasound transducer and the ultrasonic cou-

pling medium, irradiated the sample surface to gener-

ate the PA signals.

light

reflector

condenser lens

pinhole

condenser lens

transducer

water container

sample supporter

y scanner x scanner

lifting platform
base

lifting platform

(b)
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Fig. 2. (colour online) (a) Schematic diagram of the ex-

perimental setup, (b) photograph of the hollow focused

ultrasound transducer.
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The sample support was mounted in an x–y scan-

ning system to scan over the test sample. The x–y

scanning system was controlled by a computer and

triggered by the trigger signals of the pump laser.

The PA signals generated by the test sample were

recorded by a computer through an amplifier and a

dual-channel data acquisition card, the sampling rate

of the data acquisition card was 100 M/s.

3. Results

3.1.Resolution of the imaging system

To evaluate the imaging capability of the PA mi-

croscope system, a human hair with a diameter of

∼ 55 µm was imaged. The hair was placed in the

confocal region of the light and the ultrasound. Fig-

ure 3(a) shows the reconstructed PA cross-section im-

age of the hair, whereas Fig. 3(b) shows the PA sig-

nals at the locations marked by the red dotted line

in Fig. 3(a). The axial resolution is estimated to be

32 µm from Fig. 3(b).[17] Figure 3(c) is the recon-

structed profile of the region marked by the red dotted

line in Fig. 3(a). The lateral resolution is estimated

to be 58 µm from Fig. 3(b).[17] If the tested sample is

not located in the confocal region, the lateral resolu-

tion will be worse.

3.2.PA imaging of simulation sample

and ex vivo blood vessels of a

mouse’s back

To demonstrate the imaging ability of the PA

microscopy system, a simulation sample and ex vivo

blood vessels of a mouse’s back were used in the ex-

periment. The simulation sample consisted of three

human hairs with diameters of ∼ 50 µm, ∼ 55 µm,

and ∼ 40 µm, respectively. The sample was immersed

in a transparent phantom with a depth of ∼ 1 mm.

The phantom was made of 8% gelatin and 92% wa-

ter. Figure 4(a) is the reconstructed PA cross-section

image of these human hairs. The corresponding pho-

tograph of the three hairs is shown in the insert of

Fig. 4(a). We can see that the PA image with good

contrast and high resolution is in good agreement with

the sample. Figure 4(b) is the reconstructed profile of

the region marked by the red dotted line in Fig. 4(a).

It shows the different diameters of the hairs.
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Fig. 3. (colour online) (a) PA cross-section image of a human hair with a diameter of 55 µm, (b) corresponding PA

signals at the locations marked by the red dotted line, (c) reconstructed profile of the region marked by the red dotted

line.
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Fig. 4. (colour online) (a) PA cross-section image of three human hairs, (b) reconstructed profile of the region

marked by the red dotted line. The insert is the photograph of the hairs.
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In the next experiment, a BALB/c mouse with

a body weight of 30 g was used for imaging ex vivo

blood vessels of a mouse’s back. The fur on the

mouse’s back was shaven and chemically depilated

before imaging. The mouse was anesthetized until

death, and its back skin along with blood vessels

was removed. The skin was cleaned with a 0.9%

sodium chloride irrigation solution and embedded in

a transparent gelatin phantom. Figure 5(a) is a pho-

tograph of the ex vivo blood vessels of the mouse’s

back. The reconstructed PA image of the blood ves-

sels is shown in Fig. 5(b). A satisfactory match be-

tween the photograph and the reconstructed image

can be seen at the positions marked with A, B, C, D.
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Fig. 5. (colour online) (a) Photograph of the ex vivo

blood vessels of the mouse’s back, (b) reconstructed PA

image of the ex vivo blood vessels of the mouse’s back.

Nonuniform contrast is shown in the PA image of the

blood vessels, which is probably caused by the un-

even distribution of blood in the ex vivo blood ves-

sels. These experimental results verify that the PA

microscopy system is capable of imaging samples with

high contrast and high resolution.

3.3.PA imaging of the blood vessels of

a mouse’s back in vivo

The PA microscopy system can also in vivo im-

age the blood vessels. A BALB/c mouse with a

body weight of 25 g was used for the experiments.

The fur on the mouse’s back was shaven and chem-

ically depilated before imaging. General anesthesia

(i.e., sodium pentobarbital, 40 mg/kg; supplemental,

10 mg/kg/h or as necessary) was applied to keep the

mouse static during the experiment. Figure 6(a) is a

photograph of the mouse, and the imaging region is

marked by a red dashed rectangle box. Figure 6(b) is

the reconstructed PA image of the in vivo blood ves-

sels of the mouse’s back. In Fig. 6(b), the structure

of the blood vessels can be seen clearly. One of the

blood vessels in Fig. 6(b) is indicated by an arrow,

the diameter of the microvascular vessel is ∼ 62 µm.

The experimental result shows that the PAmicroscopy

system is able to image the blood vessels in vivo.
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Fig. 6. (colour online) (a) in vivo photograph of the mouse, (b) reconstructed PA image of the in vivo blood

vessels of the mouse’s back marked by the red dashed rectangular box.

4. Discussion and conclusion

The experimental results show that PA images of

biological tissues can be reconstructed with high con-

trast and high resolution by using the PA microscopy

system. However, the resolution of the system is in-

sufficient to image the microvascular vessels with a

diameter less than 50 µm. In our next work, a mi-

croscope objective will be used to focus the pulsed

laser and the length of the hollow focused ultrasound

transducer will be decreased, so that the light can be

focused in the test sample. The rate of the data acqui-

sition is controlled by the repetition rate of the pulsed

laser. Due to the limitations of the laser repetition
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rate, real-time dynamic imaging and monitoring could

not be achieved in the present study. Real-time dy-

namic imaging and monitoring could be achieved by

using a laser with a repetition frequency of 24 Hz or

higher in the future.

In summary, we developed a reflection-mode PA

microscope using a hollow focused ultrasound trans-

ducer. The simulation sample and ex vivo blood ves-

sels were imaged. Furthermore, the image of blood

vessels in a mouse back was in vivo reconstructed

by using the system. The results demonstrated that

reflection-mode PA microscope had the ability to im-

age biological tissues. PA vascular imaging is an im-

portant application of PA imaging technology, which

can be used to detect and monitor vascular tumor pro-

liferation and blood oxygenation. The system has po-

tential applications for monitoring the neovasculariza-

tion in tumor angiogenesis.
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