
Photoacoustic tomography and fluorescence molecular tomography:
A comparative study based on indocyanine green

Bo Wanga) and Qing Zhaoa)

Department of Biomedical Engineering, University of Florida, Gainesville, Florida 32611

Natalie M. Barkey and David L. Morse
Department of Experimental Imaging, Lee Moffitt Cancer Center & Research Institute, Tampa, Florida 33612

Huabei Jiangb)

Department of Biomedical Engineering, University of Florida, Gainesville, Florida 32611

(Received 17 November 2011; revised 8 March 2012; accepted for publication 15 March 2012;

published 16 April 2012)

Purpose: Both photoacoustic tomography (PAT) and fluorescence molecular tomography (FMT)

can be used for molecular imaging when contrast agents are administrated. The goal of this work is

to comparatively evaluate the performance of reflection-mode PAT and FMT in common phantom

when indocyanine green (ICG) was used as a contrast agent.

Methods: Reflection-mode PAT and FMT systems were developed. Target embedded in a

background phantom with different ICG concentration, size, and depth location was examined.

Comparisons were made in terms of target morphology, spatial resolution, and sensitivity

between the two modalities.

Results: Phantom results showed that PAT and FMT gave different image morphology. PAT

offered higher spatial resolution, while FMT provided higher sensitivity. Thus, improved target

detection could be achieved by correlating the complementary information obtained from the two

modalities.

Conclusions: The combination of high resolution PAT and high sensitivity FMT will provide a

more complete range of pathology spectra for more reliable target detection, suggesting a potentially

better diagnostic tool when this combination coupled with the administration of ICG as contrast

agent is applied to clinical problems in the future. VC 2012 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.3700401]
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I. INTRODUCTION

In recent years, fluorescence molecular tomography (FMT)

has received particular attention. This is mainly due to its

remarkably increased sensitivity as well as the increasing

availability of fluorescent dyes and probes, which provide a

variety of molecular signatures. Quantitative three dimen-

sional imaging of fluorescent probes are achievable for phan-

tom experiments1–3 and animal models.4–6 In order to apply

this technology for clinical applications such as intraoperative

imaging, reflection-mode FMT systems were developed by

several groups.3,7–9 However, the major limitation of FMT is

its low spatial resolution, especially in reflection-mode.

Photoacoustic tomography (PAT) is an emerging hybrid

modality that combines strong endogenous and exogenous

optical contrast with high ultrasonic spatial resolution.10–12

It overcomes the diffusion limit of optical imaging and thus

improves the spatial resolution. 3D reflection-mode PAT can

be achieved by point-scanning the dual foci of optical illumi-

nation and ultrasound detection, or achieved by tomography

reconstruction using signal from an unfocused transducer

array. The major limitation of PAT is relatively lower sensi-

tivity compared to FMT when near-infrared (NIR) fluores-

cent dyes such as ICG are used.

Various contrast agents are used to improve the PAT

image quality, most of which have fluorescent properties. In

this case, a dual imaging modality of PAT and FMT can be

realized simultaneously. Together, PAT offers excellent spa-

tial resolution, and FMT provides high sensitivity, making

the combination ideal for improvement of possible clinical

applications. With the development of NIR fluorophores and

nanomaterials over the past several years, considerable

image quality enhancement has been achieved for both PAT

(Refs. 13, 14) and FMT.15–17 When the NIR fluorophores are

conjugated to a specific targeting ligand, excellent signal to

background ratio can be obtained even in deep tissues.

Initial work has been done toward combining PAT and

FMT modalities. Razansky demonstrated that the image quality

of FMT reconstruction can be improved using a priori photoa-

coustic absorption distribution, in which the target information

is only acquired by FMT, hence lacking much improvement in

spatial resolution.18 Others have shown both PAT and two

dimensional planar fluorescence imaging results of lymph node

and brain structures in small animals.19–21 However, little effort

has been made to compare the two methods using reflection

mode fluorescence imaging, nor toward exploring the potential

of combining the two methods for in vivo applications.
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To our knowledge, this is the first time that the perform-

ance of reflection-mode three dimensional FMT and PAT

are investigated systematically in common phantoms, in

which ICG was used as a contrast agent.

II. MATERIALS AND METHODS

II.A. PAT

The three-dimensional photoacoustic system is shown in

Fig. 1(a). A tilted fiber bundle delivers laser light from a

Ti:sapphire tunable laser providing a generally homogeneous

illumination. The incident intensity is up to 20 mJ=cm2 on

the object surface, which is 100% of the American National

Standards Institute limit.22 The laser source has a repetition

rate of 10 Hz, and the pulse duration is about 6 ns. Different

laser wavelengths were chosen for the different ICG concen-

trations in the phantom experiments so that the absorption

peak of ICG could be reached. A 4 MHz immersion US trans-

ducer was scanned in the two transverse directions using a

step linear stage, and there were 20 steps for both x and y

directions with step sizes of 1.27 and 1 mm, respectively.

The generated photoacoustic waves were averaged 50 times

for each position; thus, it took about 40 min for a complete

volume scan. The complex signal was amplified by a com-

mercial preamplifier and acquired by a high-speed PCI data

acquisition board. A LabView program controlled the entire

system for data acquisition, following which the volumetric

images within the phantom were reconstructed by applying

the limited-field-filtered back-projection algorithm.23

II.B. FMT

The experimental FMT setup is shown in Fig. 1(b). A

continuous wave (CW) 785 nm diode laser (Model DL7140-

201 S, Sanyo, Japan) was mounted on a linear stage (Model

17AMA045, CVI Melles Griot) to deliver excitation light

through a convex lens to specific points, which had an inci-

dent power of 20 mW. A CCD camera (Princeton Instru-

ment, Trenton, NJ) coupled with a 1024� 1024 pixel array

was placed facing the surface of the phantom in reflection

mode. The angle between the laser beam and the camera was

about 15�. An 830 nm band-pass filter (Thin Film Imaging

Technologies, MA) was employed in front of the camera to

eliminate the excitation light. For each experiment, the expo-

sure time of the CCD camera was varied, and pixel binning

was used for improved signal to noise ratio. In our study, a

total of 36 source positions were used and 45 detector

positions were selected from the images acquired by CCD

camera covering an area of 20� 20 mm in the X-Y plane.

The fluorescence images obtained were reconstructed

using an iterative finite element based algorithm that was

described in detail previously.24 Here, we describe the FMT

reconstruction process in brief. The photon diffuse equation

r� Dm rð Þrum rð Þ½ ��lam
rð Þum rð Þþglax!m

rð Þux rð Þ ¼ 0

(1)

coupled with type III boundary conditions, �Dx;mrux;m � bn
¼ aux;m , is transformed into the following matrix form of:

Ax;m

� �
ux;m

� �
¼ bx;m

� �
(2)

by the finite element discretization, where ux;m is the photon

density; Dx;m ¼ 1=3 lax;m
rð Þ þ l0sx;m

rð Þ
� �

is the diffusion

coefficient; lax;m
and l0sx;m

represent the absorption coefficient

and the reduced scattering coefficient for excitation and

emission, respectively; and glax�m
is the fluorescence quan-

tum yield. The elements of matrix [A] and the entries in col-

umn vectors bx;m can be expressed by a set of spatially

varying Lagrangian basis functions.25,26 A finite element is

applied to model the diffusion equation.

III. EXPERIMENTS AND RESULTS

ICG is a FDA approved fluorescent contrast agent that

can be used for both fluorescence and photoacoustic imag-

ing. ICG absorbs light primarily in the range of 600 and 900

nm and emits fluorescence light from 750 to 950 nm. It has a

molar extinction coefficient of 2� 104� 1� 105 cm�1=M,

depending on the excitation wavelength,27 and a quantum

yield of �0.027,28 when the concentration is less than 1 mM

in water in its absorption spectrum range. To comparatively

evaluate the performance of FMT and PAT, the same ICG

containing phantoms were used for both modalities and the

reconstructed FMT and PAT images were compared in terms

of the image pattern=morphology, spatial resolution, and

sensitivity. The background phantom was composed of 0.7%

Intralipid, India ink, and 2% agar powder providing

la¼ 0.01=mm and l0s¼ 0.7=mm. The targets were different

in size, number, and ICG concentration for different experi-

ments. The reconstructed volume was 2 cm� 2 cm� 2 cm

for FMT, while for PAT the reconstructed volume was 2 cm

� 2 cm� 1.7 cm, which was 3 mm below the surface to

avoid the strong surface signal. When comparing the image

pattern and spatial resolution, a wavelength of 810 nm and a

laser energy density of 3 mJ=cm2 on the phantom surface

were used for PAT. For sensitivity study, different wave-

lengths at a laser energy density of 20 mJ=cm2 were used for

PAT, while one excitation wavelength at a fixed incident

laser power was used for FMT.

III.A. Comparison of image pattern

One cylindrical solid target with a diameter of 2 mm and

a height of 1 mm was embedded in the center of a cubic

background phantom. ICG concentration of the target wasFIG. 1. Schematic of the (a) PAT and (b) FMT systems.
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100 lM. Some simulations were also done for validating the

PAT result.

Figure 2 represents the reconstructed results of PAT and

FMT. Figures 2(a) and 2(b) are the reconstructed PAT

images along the Z-X (Y¼ 10) and X-Y (Z¼ 7) slices with

the exact location of the targets indicated by the white lines

for comparison. Figures 2(c) and 2(d) are the corresponding

results of FMT. The imaging planes given in Z direction are

from �1 mm to 19 mm and from 0 to 20 mm for PAT and

FMT, respectively. We note that the target was clearly

detected by both methods. However, the two methods show

different patterns, which is clearly seen in Figs. 2(a) and 2(c).

In Fig. 2(a), the target is clearly verified with high spatial-

resolution, and it is noted that strong signal is observed at the

top and bottom surfaces of the target and that the other boun-

daries and inner volume were not reconstructed. In addition,

the phantom surface (i.e., Z¼ 0 mm) is revealed. In contrast,

the FMT reconstructed target size is significantly overesti-

mated with the center position shifted by 1 mm. Although the

spatial resolution is not high compared to the PAT images,

the FMT images show clear target reconstructions.

To explain these artifacts in detail, time domain PAT simu-

lations using the finite element method (FEM) were performed

and compared with the phantom results.29 The simulation

geometry is shown in Fig. 3(a) where a 2D square region

(3 mm� 3 mm) contains a smaller rectangular target (2 mm

� 1 mm), which is 1.5 mm from the top boundary. Two sets

of simulations were performed. In the first set, 41 detectors

were evenly distributed along the top boundary of the back-

ground region; while in the second set 160 detectors were dis-

tributed around all four boundaries. After the time-domain

forward data were generated, some band pass filters were

applied to simulate experimental data in different frequency

ranges. Then, the reconstruction was carried out afterwards.

Each simulation set had eight cases, and for each case, the

frequency band width was 5 MHz with a slightly different ini-

tial frequency. The target to background absorption contrast

ratio was 3:1. There were 200 time steps, and the time interval

was 0.02 ls, and the velocity of the sound was chosen to be

1.495 mm=ls in water. The mesh had 1415 nodes. The two

sets of simulation results are shown in Figs. 3(b) and 3(c),

respectively.

It can be seen that, as the frequency range changes, the

reconstructed image varies in pattern and intensity. In Fig. 3(b),

it is noted that when the initial frequency is small, the target

is well reconstructed; but when the initial frequency increases

to 0.9 MHz, only the top and bottom boundaries are recon-

structed, which is very similar to the experimental cases. In

contrast, in the second simulation set shown in Fig. 3(c), all

four target boundaries are well reconstructed, although as the

initial frequency increases the inner area is again not perfectly

reconstructed. This implies that detector distribution and lack

of low frequency information mainly account for the artifacts

in the reflection mode experiments. In fact, when the targets

are large or the frequency is higher, we only receive signal

FIG. 2. PAT and FMT images for a 100 lM ICG target at 7 mm depth. (a)

and (b) Z-X image, X-Y PAT image; (c) and (d) corresponding FMT image.

The white lines indicate the exact target location.

FIG. 3. PAT simulations with time domain finite element method. (a) Simu-

lation geometry; (b) simulation results of different frequency ranges when

detectors are placed along the top boundary; (c) simulation results of differ-

ent frequency ranges when detectors are positioned along all four bounda-

ries. The color scale records the absorption coefficient in mm�1.
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from the boundaries of the targets.30 For our transducer, the

half width of the frequency response is from 2.53 to 5.42 MHz,

which is quite high for the target in our experiment compared

to the simulation results. Besides, the signal intensity is related

to the beam angle, so that only the boundaries of the targets

that are nearly perpendicular to the axis of the transducer can

be clearly imaged.31 Therefore, we can only get the top and

bottom boundaries reconstructed in our experiments. This

kind of result is widely seen in other similar published

experiments.32

III.B. Comparison of spatial resolution

In this case, there were three sets of phantom experiments.

Two cylindrical targets (1 mm diameter and 1 mm height)

were located at a 7 mm depth. The separation between the

centers of the two targets differed by 2, 4, and 6 mm, respec-

tively, in the horizontal plane. Each target contained 100 lM

ICG.

Figure 4 shows the reconstructed PAT and FMT results of

the two targets with different horizontal separations. Figures

4(a)–4(c) are the PAT images, which are the average absorp-

tion projections in the x-y plane. Figures 4(d)–4(f) are the

X-Y cross section images of FMT at the target position. The

exact target positions are indicated by black lines. For both

methods, the two targets are clearly reconstructed, and we

can see that the targets move further apart as their separation

increases. However, it is noted that for FMT, the images of

the two targets are not fully separated when they are only

2 mm apart; but they are clearly separated by PAT, which

FIG. 4. Reconstructed images with different target sep-

arations. (a)–(c) PAT images; (d)–(f) FMT images.

FIG. 5. PAT images for a target with different ICG concentration at different depth.
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proves that the spatial resolution of PAT is higher than FMT.

This may due to the strong scattering of the fluorescence

light in FMT while the ultrasound scattering and attenuation

is relatively small in PAT.

III.C. Comparison of sensitivity

A total of nine sets of phantom experiments were con-

ducted, which involved three different ICG concentrations

and three different depths. The three different concentrations

were 100, 10, and 2 lM. Correspondingly, three different

wavelengths (698, 780, and 790 nm) were used for PAT at

the three different ICG concentrations. These wavelengths

represent the peak absorption at each of the three ICG con-

centrations.27 For each concentration, the targets were buried

at 7, 12, and 17 mm, respectively. The targets were 2 mm in

diameter and 1 mm in height.

Figure 5 shows the reconstructed X-Z (Y¼ 10) PAT

images, while Fig. 6 shows the corresponding FMT results.

In Fig. 6, the black rectangles indicate the exact target posi-

tions, while the PAT results provide much more reliable

target position and size because of the high spatial resolu-

tion. In Fig. 5, it can be seen that as the ICG concentration

decreases or the target position goes deeper, the recon-

structed image has greater artifacts and decreased image

quality. While similar trend is seen from the FMT images,

we note that FMT has much greater sensitivity compared to

PAT for detection of ICG fluorochromes. For example, the

target with 10 lM ICG at 17 mm depth or 2 lM ICG at

12 mm depth is detected by FMT (Fig. 6), while the corre-

sponding target is not detected by PAT (Fig. 5). This may be

due to the fact that both the target and background generated

ultrasound upon the optical absorption in the case of PAT,

while mostly the target produces NIR fluorescent emission

and the background almost gives no NIR emission in the

case of FMT.

We also calculated the corresponding SNR for PAT, as

shown in Fig. 7 where SNR is plotted as a function of the

depth for different ICG concentration. In the calculations,

the maximal value within the reconstructed target volume of

the PAT image was used as the signal, and the averaged

value of the background was used as the noise. The meas-

ured 1=e decay of the signal for 100 and 10 lM were 4.3 and

4.6 cm, respectively, compared to the theoretical value of

6.9 cm. Less penetration depth was obtained, in part, because

of the oblique optical fiber position and non optimal area

illumination. The SNR for 2 lM at 7 mm depth was about

2.2 dB, giving a measured noise-equivalent sensitivity of

0.22 lM at 7 mm depth.33

For FMT, it is noticed from Fig. 6 that the recovered tar-

get position has greater errors compared to the cases with

smaller target depth or larger fluorochrome concentration.

Also, we note some artifacts below the target with 2 lM

ICG at the 17 mm depth.

IV. CONCLUSION

We compared PAT and FMT for reflection mode imaging

using ICG as the common contrast agent. We have shown

that PAT has better spatial resolution and that FMT has

better sensitivity. Thus, there is the potential that the two

methods combined could improve the reliability of target

detection.

However, there are some limitations of our methods. The

3D photoacoustic images were acquired by mechanically

scanning the photoacoustic probe, resulting in slow acquisition

times. The phantom images were acquired from two separate

systems, and the lack of coregistration between the two sys-

tems makes the comparison more difficult. Efforts are under-

way to integrate the PAT and FMT systems in a single

platform, so that the PAT and FMT images can be coregis-

tered precisely. In this way, a handheld PAT=FMT probe

can be made for clinical use, which we plan to attempt in

the future.
FIG. 6. FMT images for a target with different ICG concentration at differ-

ent depth. The black blocks indicate the true target position.

FIG. 7. SNR of PAT images for a target with different ICG concentration at

different depth.
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