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Abstract

Recently, fluorescence imaging following the preoperative intravenous injection of indocyanine green has been used in
clinical settings to identify hepatic malignancies during surgery. The aim of this study was to evaluate the ability of
photoacoustic tomography using indocyanine green as a contrast agent to produce representative fluorescence images of
hepatic tumors by visualizing the spatial distribution of indocyanine green on ultrasonographic images. Indocyanine green
(0.5 mg/kg, intravenous) was preoperatively administered to 9 patients undergoing hepatectomy. Intraoperatively,
photoacoustic tomography was performed on the surface of the resected hepatic specimens (n = 10) under excitation with
an 800 nm pulse laser. In 4 hepatocellular carcinoma nodules, photoacoustic imaging identified indocyanine green
accumulation in the cancerous tissue. In contrast, in one hepatocellular carcinoma nodule and five adenocarcinoma foci
(one intrahepatic cholangiocarcinoma and 4 colorectal liver metastases), photoacoustic imaging delineated indocyanine
green accumulation not in the cancerous tissue but rather in the peri-cancerous hepatic parenchyma. Although
photoacoustic tomography enabled to visualize spatial distribution of ICG on ultrasonographic images, which was
consistent with fluorescence images on cut surfaces of the resected specimens, photoacoustic signals of ICG-containing
tissues decreased approximately by 40% even at 4 mm depth from liver surfaces. Photoacoustic tomography using
indocyanine green also failed to identify any hepatocellular carcinoma nodules from the body surface of model mice with
non-alcoholic steatohepatitis. In conclusion, photoacoustic tomography has a potential to enhance cancer detectability and
differential diagnosis by ultrasonographic examinations and intraoperative fluorescence imaging through visualization of
stasis of bile-excreting imaging agents in and/or around hepatic tumors. However, further technical advances are needed to
improve the visibility of photoacoustic signals emitted from deeply-located lesions.
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Introduction

In vivo fluorescence imaging using indocyanine green (ICG) has

been clinically applied as an intraoperative navigation tool that

enables the real-time identification of biological structures, such as

the lymphatic system [1,2] and the biliary ducts [3–7], as well as

the evaluation of visceral blood perfusion [8–11]. Since 2008, ICG

fluorescence imaging has also been used to identify hepatic tumors

during open hepatectomy [12–15] and, more recently, laparo-

scopic hepatectomy [16]. This technique is based on the

accumulation of ICG, which is intravenously administered for

preoperative liver function testing, in hepatocellular carcinoma

(HCC) tissue and in the non-cancerous hepatic parenchyma

located around adenocarcinoma foci, such as colorectal liver

metastases (CRLM) and intrahepatic cholangiocarcinoma (ICC)

[12]. When fluorescence images of the cut surfaces of resected

specimens are obtained, well- to moderately-differentiated HCC

shows uniform fluorescence of ICG in the cancerous tissue, while

poorly differentiated HCC and adenocarcinoma show rim-type

fluorescence around the tumor [17]. Although both types of

cancer-associated ICG fluorescence can be detected by commer-

cially-available fluorescence imaging systems as far as the tumors

are located beneath the liver surface, there is a need for novel

imaging technology that enables the detection of deeply-located

hepatic tumors and the visualization of ICG accumulation in and/

or around these lesions on cross-sectional images.

In the last decade, photoacoustic (PA) tomography has been

actively developed as a novel optical imaging technology that
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enables the real-time visualization of deeply-located biologic

structures on ultrasonographic images through the ‘‘photoacoustic

effect’’ [18–20]. With this technique, nanosecond laser pulses are

transmitted into tissue and absorbed by endogenous chromo-

phores or exogenous molecular imaging agents in targeted

structures. The rapid absorption increases focal temperature and

produces a thermoelastic expansion that creates acoustic waves.

These photoacoustic signals can be detected using ultrasound (US)

receivers and used to reconstruct images of the targeted biological

structures according to the absorbed optical energy density.

Because ICG has a moderate fluorescence quantum yield, it can

be used as a contrast agent in PA imaging in addition to

fluorescence imaging [21–23], and its spatial distribution in

cancerous and non-cancerous hepatic tissues may be visualized

with both modalities. The aim of this study was to evaluate the

ability of PA tomography using ICG as a contrast agent to produce

representative fluorescence images of hepatic tumors, using both

surgically-resected human hepatic samples and a mouse model of

HCC (mice with non-alcoholic steatohepatitis [NASH]).

Materials and Methods

This study was conducted with the approval of the Institutional

Ethics Review Board of the University of Tokyo Hospital. Written

informed consent was obtained from all patients. The animal study

was carried out in strict accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals from the

National Institutes of Health. The protocol for the animal study

was approved by the University of Tokyo’s Committee on the

Ethics of Animal Experiments. All surgery was performed under

isoflurane anesthesia, and all possible efforts were made to

minimize suffering.

Establishment of PA tomography’s ability to visualize
ICG-containing tissue

First, the ability of PA tomography to detect ICG-containing

biological material was evaluated using a human liver tissue-

mimicking phantom (OST Co., Ltd., Chiba, Japan [24]) with

spherical air holes 5 mm in diameter located 5 mm deep to the

surface; the model was created with a three-dimensional printer

(FASOTEC Co., Ltd., Chiba, Japan). Each hole was filled with

human plasma containing ICG at concentrations of 0.001, 0.01,

0.1, and 1.0 mg/mL, and PA images were obtained with the Vevo

LAZR imaging system (VisualSonics, Toronto, ON, Canada) as

described elsewhere [25,26]. For each ICG solution, the PA signal

amplitude was measured and compared with the solution’s

fluorescence intensity as measured with a Maestro imaging system

(CRI, Woburn, Massachusetts, USA) using the near-infrared filter

setting (excitation, 730–740 nm; emission, 810 nm long pass) [17].

Next, PA tomography’s ability to visualize ICG-containing

cancerous tissue was confirmed using a previously-established

mouse model with subcutaneously implanted human HuH-7 well-

differentiated hepatoma cells (Japanese Collection of Research

Bioresources Cell Bank, Osaka, Japan) [27,28]. Photoacoustic

imaging of the subcutaneous tumors was performed from the skin

surface 48 hours after the intravenous injection of ICG (5 mg/kg)

via the tail vein.

Photoacoustic tomography of surgically-resected hepatic
tissue in humans

In 9 patients who underwent hepatic resection for malignancies

(10 nodules: HCC, n = 5; CRLM, n = 4; and ICC, n = 1), ICG

(Diagnogreen, Daiichi Sankyo, Tokyo, Japan) was preoperatively

injected (dose, 0.5 mg per kg of body weight; intravenous

injection) as part of routine liver function testing performed for

surgical planning [12,17]. Intraoperatively, the ICG retained in

hepatic tissues was utilized as a contrast agent in PA tomography

as well as for fluorescence imaging. Following hepatectomy, PA

images of the resected specimens were obtained, and PA signal

amplitude was measured with the Vevo LAZR imaging system in

the following regions of interest (ROI): cancerous tissue (CA); non-

cancerous hepatic tissue around the tumors (Peri), and non-

cancerous hepatic tissue 2 mm from the tumors (NC). The

Figure 1. Establishment of PA tomography’s ability to visualize
ICG-containing tissue. (A) Using a human liver tissue-mimicking
phantom (top), human plasma containing ICG at concentrations of
0.001, 0.01, 0.1, and 1.0 mg/mL was encapsulated into holes that were
5 mm in diameter and located at a depth of 5 mm from the surface; PA
amplitudes were measured using the Vevo LAZR imaging system
(middle). Fluorescence images of each ICG-containing plasma sample
were also obtained (bottom). (B) Fluorescence imaging in a mouse
model with subcutaneously implanted well-differentiated human
hepatoma cells (HuH-7) identified ICG accumulation in the subcutane-
ous tumor (left). PA tomography enabled differentiation of tumor-
specific PA signals from those of surrounding organs under the
conditions of 800-nm excitation light and 54-dB PA gain (right).
doi:10.1371/journal.pone.0112667.g001
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Figure 2. Photoacoustic tomography of surgically-resected hepatic tissue in humans. (A) Fluorescence imaging identified uniform
fluorescence of ICG on the cut surface of well-differentiated HCC tissue (left). PA tomography from the cut surface of the specimen visualized
accumulation of ICG in cancerous tissues on US images (right, please see video S1). (B) Fluorescence imaging identified rim-type ICG fluorescence
around CRLM lesions on the cut surface of the resected specimen (left). Photoacoustic tomography from the cut surface visualized accumulation of
ICG in the peri-cancerous hepatic tissue on US images (right, please see video S2). Yellow squares and arrows in A and B indicate the site where a
probe of the imaging system was attached and the boundaries between the tumors and non-cancerous liver parenchyma, respectively. (C)
Photoacoustic amplitude of each ROI from the resected specimen (red bar indicates cancerous region; green bar, peri-cancerous region; and blue bar,
non-cancerous hepatic parenchyma 2 mm from the tumor) according to the depth of the ROI from the sample’s surface (depths of 1 to 5 mm).
Indocyanine green accumulation was observed in the cancerous tissue in HCC specimens 1–4 (cancerous-type accumulation), while rim-type ICG
accumulation was observed in HCC specimen 5, the ICC specimen, and CRLM specimens 1–4.
doi:10.1371/journal.pone.0112667.g002

Photoacoustic Tomography of Human Hepatic Malignancies Using ICG

PLOS ONE | www.plosone.org 3 November 2014 | Volume 9 | Issue 11 | e112667



localization of ICG on the resected specimens’ cut surfaces was

also evaluated by macroscopic fluorescence imaging with a

Maestro imaging system followed by pathological examination

with fluorescence microscopy [17].

Photoacoustic tomography from the body surface in
NASH-HCC model mice

Because direct use of the Vevo LAZR imaging system in

patients had not yet been approved, PA tomography’s ability to

visualize hepatic tumors from the body surface was evaluated in a

mouse model. Three male NASH-HCC model mice (STAM,

Stelic Institute & Co., Tokyo, Japan) were created by administer-

ing low-dose streptozotocin after birth (first hit) followed by a

subsequent high-fat diet (second hit) [29]. PA tomography was

performed on the living 18-week-old NASH-HCC model mice

from the body surface to evaluate the detectability of the hepatic

tumors. Following PA imaging, all mice were sacrificed, and their

livers were screened for HCC nodules by naked-eye examination

and fluorescence imaging with the Maestro imaging system.

Results

Establishment of PA tomography’s ability to visualize
ICG-containing cancerous tissue

For the plasma encapsulated in the tissue-mimicking phantom,

at ICG concentrations of 0.001, 0.01, 0.1, and 1.0 mg/mL, the

average PA signal intensity under excitation with 800 nm of light

was 0.218, 0.239, 0.202, and 0.612, respectively. In contrast, the

fluorescence intensity of the ICG-containing plasma increased

with increases in ICG concentration up to 0.01 mg/mL, but then

started to decrease; this was most likely due to absorption of near-

infrared light by ICG (Fig. 1A).

Photoacoustic tomography’s ability to identify hepatic malig-

nancies was evaluated in the mice that had undergone subcuta-

neous implantation of a well-differentiated human hepatoma cell

line (HuH-7). Fluorescence imaging at 48 hours after the

intravenous injection of ICG demonstrated ICG accumulation

in the implanted tumors. Photoacoustic tomography also enabled

identification of tumor-specific ICG signals and their visualization

on US images under conditions of 800-nm excitation light and 54-

dB PA gain (Fig. 1B).

Photoacoustic tomography of surgically-resected hepatic
tissue in humans

Table 1 summarizes tumor-related characteristics and the

results of fluorescence imaging and PA tomography using ICG.

On ICG fluorescence images, 4 out of 5 HCCs showed uniform

fluorescence in the cancerous tissue (cancerous-type fluorescence);

in the one remaining HCC lesion and all of the adenocarcinoma

lesions (one ICC and 4 CRLM lesions), fluorescence of ICG was

detected not in the cancerous tissue but rather in the non-

cancerous hepatic tissue surrounding the tumors (rim-type

fluorescence). Photoacoustic tomography with ICG reproduced

these two fluorescence patterns in all 10 resected hepatic

specimens (Fig. 2A and B).

Photoacoustic signal amplitude according to ROI (CA, Peri,

and NC) is demonstrated in Fig. 2C. In the CA tissue of HCCs

that showed cancerous-type fluorescence and in the Peri tissue of

tumors that showed rim-type fluorescence, PA signal amplitude

decreased with increases in distance between the liver surface and

the ROI: at 4 mm deep to the liver surface, the PA amplitudes

ranged from 43% to 83% (median, 61%) of those measured just

beneath the liver surface (depth of 1 mm). Thus, ROIs within
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3 mm of the liver surface were used for the following analysis of

the resected liver specimens to minimize the effect of attenuation

on the PA signals.

The ratio of PA signal amplitude in CA tissue relative to that in

NC tissue was higher in the 4 tumors showing cancerous-type ICG

fluorescence compared with the 6 tumors with rim-type fluores-

cence (median [range], 1.5 [0.8–1.8] vs. 0.7 [0.5–0.8], P = 0.01

[Wilcoxon’s rank-sum test]). In contrast, the ratio of PA signal

amplitudes in Peri tissue relative to that in NC tissue was lower in

the former group.

Fluorescent microscopy revealed the presence of ICG in

pseudoglands and cancer cell cytoplasm from HCC tissue showing

cancerous-type fluorescence and PA signals (Fig. 3A and B). In

contrast, in hepatic tumors showing rim-type fluorescence and PA

signals, ICG was identified mainly in the cytoplasm of the

hepatocytes surrounding the tumors (Fig. 3C and D).

Photoacoustic tomography from the body surface in
NASH-HCC model mice

In the three NASH-HCC model mice, PA tomography was

applied to assess hepatic tumor detection from the body surface.

Despite the identification of cancerous nodules on US images and

spectrum computed tomography, PA tomography was unable to

Figure 3. Fluorescence microscopy. Left, hematoxylin-eosin staining; middle, fluorescence images; and right, fusion images of ICG fluorescence,
indicated in green, and hematoxylin-eosin staining. (A) In well-differentiated HC lesions, ICG fluorescence was identified mainly in the cancerous
tissue, as demonstrated in Figure 2A. (B) Magnified view of (A). Indocyanine green had accumulated in the pseudoglands (arrowheads) and the
cytoplasm of cancer cells (arrow). (C) Indocyanine green fluorescence was identified in the peri-cancerous hepatic parenchyma surrounding a CRLM
lesion, as demonstrated in Figure 2B. (D) Magnified view of (C). Indocyanine green had accumulated in the cytoplasm of relatively small hepatocytes
rather than in the intracellular spaces.
doi:10.1371/journal.pone.0112667.g003
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visualize any of these nodules with sufficient signal contrast relative

to the background hepatic parenchyma (Fig. 4A and B). On

abdominal exploration following sacrifice of the mice, a total of 10

hepatic tumors were macroscopically identified and then micro-

scopically proven to be HCCs that had developed in the NASH

livers. Among the 10 HCCs, 4 tumors were visualized by

fluorescence imaging of the liver surface (Fig. 4C and D).

Fluorescence microscopy demonstrated ICG accumulation in the

cytoplasm of cancerous cells, but ICG-positive cells were

infrequent compared with their occurrence in human HCC tissue.

Discussion

In the surgical treatment of hepatic malignancies, US exami-

nation has played an indispensable role in the preoperative

identification and differential diagnosis of hepatic lesions [30,31].

Recently, intraoperative fluorescence imaging using ICG has

Figure 4. Photoacoustic tomography from the body surface in NASH-HCC model mice. (A) Spectrum computed tomography of a living
NASH-HCC model mouse identified hepatic tumors with accumulation of ICG that had been intravenously injected 48 hours prior (IVIS Spectrum CT,
PerkinElmer, Hopkinton, US; excitation 745 nm, emission 800 nm). (B) Photoacoustic tomography failed to visualize any cancer-specific PA signals on
US images. (C, D) Three liver nodules were macroscopically identified in this mouse (C); one was visualized on fluorescence imaging (D). (E)
Fluorescence microscopy identified ICG fluorescence (demonstrated in green in this fusion image with hematoxylin-eosin staining) in the cytoplasm
of some of the cancerous cells in this NASH-HCC model mouse.
doi:10.1371/journal.pone.0112667.g004
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begun to be used to detect hepatic tumors on the liver surface prior

to hepatectomy and to estimate the histological diagnosis for

resected hepatic tumors [12–17]. In the present study, PA

tomography enabled clear visualization of the distribution of

preoperatively-administered ICG in and/or around hepatic

tumors on US images of the surgically-resected specimens. Our

results suggest that PA imaging with ICG has the potential to

develop into a novel diagnostic tool that can support the

localization and differential diagnosis of hepatic tumors established

by conventional US examination and intraoperative fluorescence

imaging; it does this by enabling the visualization of biliary

excretory function in hepatic tumors and non-cancerous hepatic

parenchyma.

In the present series, all but one HCC showed cancerous-type

ICG fluorescence on the cut surfaces of the resected specimens,

while all of the CRLM lesions and the ICC demonstrated rim-type

fluorescence. These patterns of ICG accumulation were well

reproduced by PA tomography performed from the surface of the

resected specimens. In a previous study, the mechanism of

cancerous-type fluorescence in HCC was revealed [17]: differen-

tiated HCC cells maintain portal uptake function, but because of

biliary excretion disorders caused by functional and/or morpho-

logical changes (as suggested by fluorescence microscopy in the

present study), ICG accumulates in cancerous tissues. In contrast,

ICG accumulation in the non-cancerous hepatic parenchyma

around adenocarcinoma lesions has not yet been fully explained. It

may be partly due to local biliary congestion resulting from simple

compression by the tumors; however, a recent study by van der

Vorst and colleagues [15] suggested that the increased presence of

immature hepatocytes along with the impaired expression of

organic anion transporters could also cause ICG accumulation in

peri-cancerous hepatic regions. This theory is supported by the

microscopic findings in the present study, in which ICG

fluorescence was primarily detected in the cytoplasm of relatively

small hepatocytes rather than in the intercellular spaces around

these tumors. Visualization of hepatic ICG distribution by PA

tomography may be useful not only in the differential diagnosis of

hepatic tumors during conventional US examination (by assessing

the tumors’ bile-producing ability) but also for monitoring the

delivery of anticancer agents/sensitizers with biliary excretion

properties used for chemotherapy, radiotherapy, and photody-

namic treatment.

The major limitation of the current technique used for PA

tomography with ICG lies in the small region observable from the

liver surface. Although PA signals can be detected from depths of

up to 7 cm in theory [32], in our study of resected human hepatic

specimens, PA amplitudes markedly decreased with depth of the

ROI from the liver surface, decreasing by approximately 40%

even at 4 mm in depth. In the mouse models, PA tomography

with ICG failed to identify any of the HCC nodules that had

developed in the NASH livers. These problems with PA

tomography can be primarily attributed to steep attenuation of

the laser pulses used for excitation of ICG and/or attenuation of

the PA signals emitted from the targeted regions; these issues can

be solved, at least in part, by improving the intensity of the pulse

laser and the sensitivity of the detector used in PA imaging

systems. Another possible cause of the limited observable range

identified in the present study is that the amount of hepatic tumor

ICG accumulation was optimal for fluorescence imaging but

insufficient for PA tomography, especially in the mouse model,

where imaging was performed from the body surface. In the tissue-

mimicking phantom plasma samples, PA imaging required at least

10 times the ICG concentration needed for fluorescence imaging,

but such a high dosage of intravenous injection of ICG is not

realistic (LD50 value of ICG is 64.3–72.8 mg/kg in mice) [33].

Novel contrast materials, such as metallic nanoparticles [26] and

carbon nanotubes [34], may enable clear visualization of PA

signals emitted from deeply-located hepatic tumors through biliary

excretion disorders in and around cancerous tissues, if these agents

have biliary excretion properties similar to ICG.

In conclusion, PA tomography using ICG is a promising

technique that can support US examination of the liver by

providing information on biliary excretion disorders in cancerous

tissues and peri-cancerous hepatic parenchyma. However, further

technical improvement is needed to enable the visualization of

deeply-located lesions.
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Video S1 Three-dimensional reconstruction of PA to-
mography from a human hepatic specimen containing
well-differentiated HCC.
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Video S2 Three-dimensional reconstruction of PA to-
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Data S1 Raw data of the present study.
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