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Here, we report a new method using combined magnetic resonance (MR)–Photoacoustic (PA)–
Thermoacoustic (TA) imaging techniques, and demonstrate its unique ability for in vivo cancer
detection using tumor-bearing mice. Circular scanning TA and PA imaging systems were used to
recover the dielectric and optical property distributions of three colon carcinoma bearing mice
While a 7.0-T magnetic resonance imaging (MRI) unit with a mouse body volume coil was
utilized for high resolution structural imaging of the same mice. Three plastic tubes ¯lled with
soybean sauce were used as ¯ducial markers for the co-registration of MR, PA and TA images.
The resulting fused images provided both enhanced tumor margin and contrast relative to
the surrounding normal tissues. In particular, some ¯nger-like protrusions extending into the
surrounding tissues were revealed in the MR/TA infused images. These results show that
the tissue functional optical and dielectric properties provided by PA and TA images along
with the anatomical structure by MRI in one picture make accurate tumor identi¯cation easier.
This combined MR–PA–TA-imaging strategy has the potential to o®er a clinically useful triple-
modality tool for accurate cancer detection and for intraoperative surgical navigation.
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1. Introduction

Arecent cancer statistics study indicated that can-
cer has become a major public health problem
worldwide, and a total of 1,665,540 new cancer
cases and 585,720 cancer deaths are predicted to
occur in the United States in 2014.1 Although can-
cer has a high morbidity and mortality, its early
detection can e®ectively combat the increased inci-
dence and death rates. In response to the require-
ments of early cancer detection, various functional
and anatomical imaging technologies, such as
magnetic resonance imaging (MRI), computed to-
mography (CT), positron emission tomography
(PET), SPECT, and ultrasound imaging,2–4 have
been routinely used for cancer detection and moni-
toring of therapeutic e®ects. However, until now,
there has not existed a noninvasive and cost e®ec-
tive single-modality imaging method that is capable
of providing all the anatomic structural and func-
tional/physiologic information needed for early
cancer diagnosis.

The power of multi-modality imaging lies within
its ability to combine two or more individual mo-
dalities so that the strengths of each can be maxi-
mized in one platform. As a widely clinically used
morphological imaging method, MRI o®ers excel-
lent soft-tissue contrast, and uses nonionizing radi-
ation.5 MRI reveals soft-tissue structure through
the interaction of a strong magnetic ¯eld with pri-
marily the protons present in water and fat. Al-
though some variations of MRI such as functional
MRI (fMRI) have the ability of physiological im-
aging, fMRI can provide only the concentration of
deoxygenated hemoglobin and blood °ow, and is
not applicable to cancer detection due to its ex-
tremely low sensitivity. A physiologic and/or
pathologic imaging modality, such as PET,6 can be
integrated with MRI for complementary anatomical
and physiological detection. A recent milestone is
that MRI/PET combination has been used to image
human brain.7 Such achievement suggests that
multi-modality imaging of tissue structure and
function will play a major role in the management of
human diseases in the coming decades.

In this study, we present a novel imaging method
for cancer detection, which combines MRI, photo-
acoustic tomography (PAT) and thermoacoustic
tomography (TAT) to provide tissue anatomical
structure, and optical and electric properties. While
triple-modality imaging methods utilizing PAT,

MRI, and PET or Raman have been reported,8–11 to
our knowledge, it is the ¯rst time that MRI, PAT,
and TAT are combined for in vivo cancer detection.
In addition to the morphological information
obtained by MRI, PAT, and TAT o®er us the
possibility to access the optical and microwave ab-
sorption functional properties of tumor, which are
sensitive to tumor vasculature (optical absorption
coe±cient) and water content (e®ective conductiv-
ity), respectively. It is known that tumor is always
companied with larger conductivity caused by
increased water/ion content and higher optical
absorption due to angiogenesis (i.e., increased vas-
culature network).12,13 Thus, by using the quanti-
tative PAT and TAT methods reported in Refs. 14
and 15, we could quantify the above-mentioned
functional information for accurate cancer decision-
making. In addition, based on the photoacoustic
(PA) e®ect ¯rst reported by Alexander Graham
Bell in 1880,16 TAT and PAT possess the advan-
tages of high resolution ultrasound imaging, high
microwave contrast TAT17–19 and high optical
contrast PAT.20–24 Compared to MRI-PET dual
modality for in vivo tumor detection, the MRI,
PAT, and TAT combined method proposed here
has some advantages. This technique is more cost
e®ective and safer for broad clinical applications. In
particular, it utilizes nonionizing radiation, and
does not require the use of contrast agents.

In TAT and PAT, a short nonionizing electro-
magnetic (EM) pulse (microwave or light wave)
irradiates tissue to induce a small temperature
rise,24 which consequently causes thermoelastic ex-
pansion to generate thermoacoustic (TA)/PA sig-
nals. Ultrasonic transducers are employed to collect
the TA/PA signals. By using an image reconstruc-
tion algorithm, TAT/PAT can then recover the EM
absorption distribution inside the tissue and dis-
tinguish abnormalities from surrounding normal
tissues. PAT can provide certain physiological
parameters (such as the oxygen saturation of he-
moglobin and the concentration of hemoglobin)
with high resolution, while TAT is able to provide
the distribution of absorbed microwave power loss
density, which is the product of local conductivity
and microwave intensity distribution within the ir-
radiated area. As demonstrated previously, tissue
conductivity directly correlates with tissue struc-
tural and functional information, such as water
content and hemoglobin concentration.12,25
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2. Materials and Methods

2.1. Ethics statement

This study was approved by the Research Ethics
Board at the University of Electronic Science and
Technology of China (UESTC) and the Experi-
mental Animal Management Committee of Sichuan
University. All protocols and procedures have been
approved by the Animal Care Guide for the care
and use of experimental animals in the UESTC, and
were carried out in strict adherence to the guidelines
of the Animal Care and Use Committee of Sichuan
University and the Animal Ethics Committee
Guidelines of the Animal Facility of the West China
Hospital.

2.2. Animal preparation

In this study, three (n ¼ 3) mice (BALB/C) were
used at the age of 6–8 weeks. Heterotopic colon
carcinoma was established in the groin region via
subcutaneous injection with 5:0� 105 C26 cells
suspended in 150�L PBS. Tumor nodules typically
became palpable within 4–5 days after the cell in-
jection. Animals were treated according to the
Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. Tumor bearing
mice were allowed 4–10 days of growth before
imaging. The mice were then gas anesthetized with
iso°uorane (2% iso°urane in 100% oxygen, 1 L/
min) using the XGI-8 Gas Anesthesia Unit (Caliper
Life Sciences, USA) during MRI, and were anes-
thetized again using chloral hydrate (10% concen-
tration, 0.04ml/10 g) during PAT and TAT. Mice
hair were shaved and removed with a hair removing
lotion. Anesthetized mice were ¯xed on a home-
made poly-tetra°uoroethylene holder, and three
plastic tubes ¯lled with soybean sauce attached to
the holder were used as ¯ducial markers for the
magnetic resonance (MR)–PA–TA images fusion.

2.3. In vivo PA/TA imaging systems

The schematic of our PA/TA imaging systems
is displayed in Fig. 1. A Q-switched Nd:yttrium–

aluminum–garnet (Nd: YAG) laser (Brilliant B,
Quantel) with 1064 nm and 532 nm wavelengths,
and 5–10 ns pulse duration, were used for PAT.
During all the PAT experiments, a 1Hz repetition
frequency was applied and the radiated light in-
tensity at the tumor surface was lower than the

American National Standards Institute limited
safety standard of 20mW/cm2. For TAT, a 3.0GHz
pulsed microwave from a custom-designed micro-
wave generator (bandwidth: 50MHz, peak power:
70–100 kW, pulse duration: 0.75�s) was coupled
into the animal. Similar to the PAT system, the
TAT system works at a repetition frequency of 1Hz.
The actual averaged microwave power density at
the animal surface was about 0.32mW/cm2, which
is far below the safety standard (10mW/cm2 at
3.0GHz). For the experiments presented in this
study, an unfocused immersion transducer with a
central frequency of 2.25MHz (V323-SU, Olympus)
and 5.0MHz (V310-SU, Olympus), was circularly
scanned to receive the PA signals generated by
mouse 1, 2, and 3, respectively. While, only a
2.25MHz transducer was used for TA signals col-
lection due to the longer microwave pulse width
caused low frequency components. Thus, for our
current setup, the lateral resolution of PAT and
TAT can be achieved is about 0.3mm and 0.5mm,
respectively. In addition, PAT (at 532 nm) and
TAT, o®er an imaging depth of several mm and
10 cm, respectively. For e®ective EM wave radia-
tion, the laser beam was expanded and homoge-
nized when heating the sample surface by a lens and
ground glass assembly. Pulsed microwaves were
coupled into the sample via a standard 10 dB gain
horn antenna (114� 144mm2) for TA stimulation
in a separated setup from PAT. The combination
of TA and PA imaging was separated, due to
the strong optical absorption of mineral oil used as

Fig. 1. Schematic of the PA/TA imaging systems. Pulsed EM
source stands for laser or microwave. In PAT, water was used
as a coupling medium, while transformer oil functioned as the
coupling medium for TAT. DAQ: Data Acquisition.

In vivo tumor detection with combined MR–PA–TA imaging
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coupling medium in TAT,24 PAT and TAT cannot
share the same transducer and the water tank cur-
rently. However, in future clinical applications,
PAT and TAT can be easily integrated for simul-
taneous data collection by using optical transparent
oil (e.g., Lubricating oil) as coupling medium for
both PAT and TAT. In that case, samples can be
PA and TA imaged successively with the same
transducer or arrays, so the expense and system size
will be decreased. With di®erent radiation area,
during circular rotation, the transducer was placed
at 8 cm and 11.5 cm apart from the scanning center
for PAT and TAT, respectively. In both imaging
setups, the collected signals were pre-ampli¯ed
(Pre-Amp 2D, US Ultratek, Inc., USA) and con-
verted into digital signals by a data acquisition
card, which was controlled by a computer. The
employed sampling rate of the data acquisition card
was 50MHz. Synchronization and control of the
hardware were realized by a Labview program.

During all the experiments, mice were placed on
a home-made holder and immersed into a warmed
(32�C) coupling medium (i.e., water for PAT, and
transformer oil for TAT) for e®ective ultrasound
signal collection after MRI scanning. A commercial
rotary stage (RSA 100, Beijing Zolix Instruments
CO., LTD, China) rotated the transducer relative
to the center of the target. One set of data for 180
positions was acquired when the receiver was
scanned circularly over 360� with a step size of 2�.
According to the 1Hz repetition frequency used in
both PAT and TAT, the total scanning time was
3min for each imaging. Due to the strong light and
microwave absorption of tumor, the systems pro-
vided a good signal to noise ratio (SNR > 4) for
both PAT and TAT, so data averaging was not
necessary in this study. One shortcoming of current
system is the long data acquisition time, due to the
limited 1 Hz repetition frequency of the microwave
source and laser used for data acquisition, which
would hinder its way to clinical application. In our
next generation PA/TA system, a considerably
higher repetition frequency (e.g., 100Hz) micro-
wave source and laser will be utilized to guarantee
fast, reliable data collection, and to realize real-time
imaging.

2.4. In vivo MRI

The animal experiments were performed using a
7.0-T MRI unit and a mouse body volume coil

(Bruker, Germany) at 4 and 10 days after tumor
cells injection. This system can provide a spatial
resolution of about 10.0�m for full-body small an-
imal imaging. After anesthesia, the animal was laid
on the scanning bed with the tumor positioned in
the center of the coil. Because the colon carcinoma
cells were implanted into one side of the abdomen,
and the contralateral side was used as control, the
position of the tumor could be de¯ned via the
di®erence in MRI signals from the left and right
abdomen of the mice.

2.5. Histology

After the scanning of all three imaging modalities,
the animals were sacri¯ced for histological evalua-
tions. Tumors were ¯xed in 10% neutral bu®ered
formalin. After that, transverse resected tumors
were embedded in para±n, sectioned, and stained
with hematoxylin-eosin.

2.6. Image processing

PAT and TAT images were reconstructed by a
Delay & Sum program26 implemented in Matlab
(Massachusetts, USA). MRI images were recovered
by the manufacturer provided software. The com-
bined MR–PA–TA images were merged by Amira
(FEI Company, USA).27 Three soybean sauce ¯lled
plastic tubes (3.0mm in diameter each) used as ¯-
ducial markers, which were ¯xed on the home-made
holder with hot melt glue, were used to co-register
the MR–PA–TA images. In each modality, the
markers were clearly shown, and the soybean sauce
surface was maintained at the same height as the
tumor surface during all the experiments to ensure
that MRI/PAT/TAT scanned the same slice of the
tumor. For MR imaging, coronal T2-weighted fast
spin echo images with fat suppression (TR/TE/slice
thickness 2500/33ms/1mm, FOV 3:0� 3:0 cm2,
and matrix of 256� 256 resulted in an in-plane
resolution of 0:137� 0:137mm2) and T1-weighted
spin echo images (TR/TE/slice thickness 500/
8.3ms/1mm) were obtained. T2 scanned MRI slices
were used for the MR–PA–TA image fusion.

Since the ¯ducial markers were successfully re-
covered in all three di®erent images, the recovered
tumor PAT and TAT images were reprocessed to
have the same spatial scale as MRI. After that,
the MRI, PAT and TAT image data were input into
Amira work space for image fusion. According to
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the relative position of each marker, we were able to
manually ¯nd the exact alignment for the MR–PA–
TA image co-registration. An animation of the
3D MR image rendering with an overlay of the
fused MR–PA–TA 2D image slices can be viewed in
Media 1.

3. Results and Discussion

For MR–PA–TA image fusion, the tomographically
recovered PAT and TAT slices corresponded to the
circular scanning plane of the transducer, which is
similar to the coronal plane for MRI. In vivo MR–
PA–TA combined triple-modality images of tumor
at 4 and 10 days after the implantation of cancer
cells are shown in Figs. 2(a)–2(d) and 2(e)–2(h),
respectively. After 4 days of tumor growth (early
tumor development), the tumor reached a size of
approximately 4:0� 1:5� 2:0mm3 as determined
by MRI. The coronal MRI slice shown in Fig. 2(a)
clearly delineates the tumor margins with a gray
signal. However, as indicated in Fig. 2(b), the tumor
was not obviously detected in PAT image at this
stage of tumor growth. This could be partly due to
the use of 1064 nm wavelength for PAT as at this
wavelength the optical absorption/blood content in
this early tumor might not be su±ciently higher
than its surrounding tissues. Similar results were
also reported28 for a 3 days tumor inoculated rat
with 1064 nm PAT system. On the other hand,
since early tumor development is always accompa-
nied by higher water content and induced larger
local conductivity,29 the tumor is notably detected
in TAT image [Fig. 2(c)]. We also see that overlaid
with TAT image, MRI contrast is enhanced with
the overlaid TAT image.

The same mouse was scanned after 10 days of
tumor cells injection. Compared to the images
shown in Figs. 2(a)–2(c), we note that as the tumor
progressively grew larger, MR imaging contrast was
decreased. Due to the lack of necessary histological
evaluations, we cannot explain why this is the case.
This is demonstrated by the MRI slice given in
Fig. 2(e). Meanwhile, we observed that the tumor
grew toward the mouse to become a deeply em-
bedded tumor 10 days after tumor cells injection,
strong TAT artifacts appeared [Figs. 2(g) and 2(h)]
larger due to the increased background area sur-
rounding the tumor being TA stimulated at this
time point. PAT image shown in Fig. 2(f), however,

revealed clearer tumor margins and borders and
high tumor-to-background contrast when overlaid
with MRI. This could be due to the increased tumor
vasculature at this stage of tumor growth, as evi-
denced by the histology analysis given in Figs. 2(i)
and 2(j). Further, Fig. 2(i) also shows invasive
growth of malignant tumor cells towards the sur-
rounding normal tissue (red arrow) where it is noted
that the tumor capsule integrity was destroyed. At
a higher magni¯cation [Fig. 2(j)], the frontier cells
at the tumor margin in¯ltrated into normal tissue,
where the capillaries and microvessels (yellow
arrow) became particularly intensive to satisfy the
needs of tumor growth.

We also examined a suspected lamp-like tumor
with an MRI determined size of 7:0� 5:0mm2 in
lampshade, and 3:8� 2:0mm2 in lamp cap. As
presented in Fig. 3(a), the MR image revealed the
macroscopic shape of the suspected tumor area. The
division was also observed between the lamp cap
and shade. However, because of the limited con-
trast, the MR image cannot clearly delineate the
tumor margins and further predict the tumor pro-
liferation tendency. While, as displayed in Figs. 3(b)
and 3(d), the tumor margins are partially enhanced
by PA and TA signals in spots around the tumor,
and the tumor boundary (see the line indicated by
\1"' in Fig. 3(b), and the bottom part of the tumor
[Fig. 3(d)]. The blue dotted line in Fig. 3(b) indi-
cates the pathological observation plane outlined in
Fig. 3(e). From Fig. 3(e), we found that the lamp
cap was a lymph node and an intensive vascular
network was apparent on one side of the tumor
mass (yellow arrow), whereas on the opposite side,
tumor necrosis occurred due to rapid growth and
insu±cient blood supplies (blue arrow). Thus, the
di®erent physiological features between \1" and
\1"' induced the apparent discrepancy PA signals
at those two points, as indicated in Fig. 3(b). In
other words, PAT showed absorb distribution
[Fig. 3(b)] corresponded with the histology results
[Fig. 3(e)]: The highlighted signal was found in the
high vessel density areas and contralateral tumor
necrosis was not obviously revealed in PAT. On the
other hand, in Fig. 3(c), it seems that the fused MRI
and TAT image shows high imaging contrast within
the lamp cap. This corresponded well with the his-
tology validation as shown in Fig. 3(e). The co-
registered MR–PA–TA image shown in Fig. 3(d)
suggests that it has the potential to accurately de-
tection cancer and to guide complete resection of

In vivo tumor detection with combined MR–PA–TA imaging
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Fig. 2. Combined MR–PA–TA monitoring of early tumor development at 4 and 10 days after implantation of cancer cells. (a)–(d)
and (e)–(h) represent local tumor MRI image (gray), MRI overlay with PAT image (green), MRI overlay with TAT image (orange),
and triple-modality co-registered MR–PA–TA image, at 4 and 10 days following tumor cells injection, respectively. Scale
bar ¼ 2mm for (a)–(h). For histology analysis, the dashed red line [I, Fig. 2(e)] indicates the histology analysis cross-section, which
shows the invasive growth of malignant tumor cells towards surrounding normal tissue (red arrow) where the tumor capsule
integrity was destroyed at 10 days after the cancer cells implantation. At a higher magni¯cation in (j), the frontier cells of the tumor
margin in¯ltrated into normal tissue, where the capillaries and microvessels (yellow arrow) became particularly intensive in order to
satisfy the needs of tumor growth. The scale bar for (i) and (j) were 200�m and 50�m, respectively.

L. Huang et al.
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tumor in the absence of exogenous contrast agents
with the MR–PA–TA combined triple modality
method presented in this paper. For further histo-
logical validation of the tumor expanding tendency
as captured by TAT, one cross-section of the lamp
camp along the red dotted line in Fig. 3(d) is dis-
played in Fig. 3(f). A magni¯ed red square area was
placed into the inset in Fig. 3(f), where some
atypical cells emerged in the sub capsule (red
arrow). These cells were signi¯cantly di®erent from
the surrounding lymphocytes, featured by poly-
morphic nuclei and polymorphism. Thus, a lymph
node metastasis was con¯rmed. The observed ab-
normal signals in both PAT and TAT also indicate
that our MR–PA–TA combined triple modality
method has the potential to enhance the sensitivity
of MRI for lymph node detection. The 3D MRI,
overlaid with 2D PAT, and TAT slice images
depicting tumor rotation can be viewed in Media 1.

As Siphanto et al.28 reported, noninvasive and
accurate imaging of angiogenesis in the tumor de-
velopment has prognostic value to guide tumor
anti-angiogenic therapies. It is also well known that
enhanced angiogenesis imaging sensitivity could be
important for tumor prognostics and the proposi-
tion of anti-angiogenic therapies.31,32 To evaluate
the feasibility of our combined MR–PA–TA method
for improved imaging of tumor angiogenesis with-
out any contrast agents, we imaged the tumor
surface blood vessels in a mouse. In this case, a
532 nm PAT system was used for blood vessels im-
aging. Meanwhile, as Kruger et al.30 indicated, a
5.0MHz transducer can meet the vasculature im-
aging required spatial resolution. Hence, we used a
532 nm PAT system with a 5MHz transducer for
the imaging of tumor surface blood vessels [see
Fig. 4(b)]. Due to the color of blood, the blood
vessels imaged are visible to the naked eye, as
revealed in Figs. 4(e) and 4(f). For comparison, the
corresponding MR image of the tumor is given in
Fig. 4(a) where we see no blood vessels signals.
Similarly to Fig. 3(d), Figs. 4(c) and 4(d) show
partially enhanced tumor margins with PA and TA
signals in spots around the tumor. In order to more
clearly observe the MRI revealed tumor and blood
vessel distribution, a MRI 3D depiction of the ro-
tation of the blood vessels is given in Media 2 (only
a blood vessel below the tumor was shown in MRI
animation). It can be further noticed from Fig. 4(c)

Fig. 3. Combined MR–PA–TA imaging of a lamp-like sus-
pected tumor area. Scale bar ¼ 2mm for (a)–(d). (a) illustrates
an MRI image (gray) that clearly shows suspicious lamp-like
shapes, signifying the tumor area. However, the suspected area
margin is not signi¯cantly di®erent from the surrounding nor-
mal tissues without the help of PAT signal overlays (green),
shown in (b). (c) displays a fused MRI and TAT image (or-
ange), showing a high imaging contrast within the lamp camp.
An enhanced TA signal expanding along within the lamp cap
can also be observed. This lamp camp is otherwise invisible at
lower TA signals. A co-registered MR-PA-TA image given in
(d) reveals clearly delineated tumor margins and improved
lamp cap contrast, and the overlaid 3D MRI, 2D PAT, and
TAT slice images depicting tumor rotation (see Media 1). (e)
and (f) show the dashed blue (1–1 0) and red line (2–2 0) indi-
cated histology analysis cross-sections, respectively. In (e), an
intensive vascular network was apparent in one side of the
tumor mass (yellow arrow), whereas on the opposite side,
tumor necrosis occurred (blue arrow), scale bar ¼ 500�m. The
histology analysis of the dashed red line section was shown in
(f) (scale bar ¼ 500�m). With the magni¯ed red square area in
the inset (scale bar ¼ 50�m), atypical cells emerged in sub
capsule (red arrow).
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that fused MRI/TAT image indicates high tumor
contrast, compared with the surrounding normal
tissues. The bright spots shown in Fig. 4(c) are the
TAT captured ¯nger-like protrusions extending
into the surrounding tissues, which are evident in
the histology slices [Figs. 4(g) and 4(h)]. Co-regis-
tered MRI, TAT and PAT images are shown in
Fig. 4(d), and the fused image is vividly shown in a
3D MRI movie (see Media 2). The tumor micro-
vessels shown in the histology [Fig. 4(g)] indicate
their extending into the edge of the tumor, consis-
tent with the PAT captured signals (yellow arrow).
We also note the vessel's complete lumen with the
magni¯ed blood vessel histology result [Fig. 4(h)].

From some of the images presented [e.g., Fig. 2
(g)], we ¯nd that the overlap between the MRI
revealed anatomy and the TAT and PAT indicated
functional images is poor. We believe that this is
mainly due to the poor longitudinal resolution of
PAT and TAT. We note that the TA signal re-
ceived by the transducer is the overlaid signal from
the ¯eld of view within its aperture angle. Mean-
while, the tumor is irregularly shaped and sur-
rounded by various other tissues and organs, while
these other tissues and organs absorb and scatter
microwave. Finally, the microwave energy is highly
inhomogeneously distributed in tissue. Thus, the
TA images are shown up as a group of discrete
points in Figs. 2–4.

4. Conclusions

We have presented a novel imaging strategy using
combined MR–PA–TA imaging for noninvasive,
high resolution, and sensitive cancer detection. We
need to point it out that, while we have shown
the potential of this technique for in vivo triple-
modality cancer imaging, the current study has
limitations. For example, our circularly scanning
data collection scheme is unsuitable for 3D TAT
and PAT. New instrumentation, including eco-
nomical all optical-based ultrasound acquisition
systems suitable for 3D PAT and TAT hardware
fusion which can ¯nally realize true triple-modality
imaging as CT/PET/MRI, is currently under in-
vestigation in our lab. Results from this new in-
strumentation will be reported in the future. In
addition, due to the high magnetic ¯eld utilized in
MRI (7.0T in this study), it is hard to integrate
TAT into MRI scanner, however, it is possible to

Fig. 4. Combined MR–PA–TA imaging of tumor surface
vasculature. For (a)–(d), scale bar ¼ 2mm. (a) Tumor MRI
slice (gray) clearly displayed the tumor morphology informa-
tion, while naked eye visible blood vessels indicated by the
black arrow in both (e) and (f) disappeared in MRI. Overlay
MRI image with 532 nm PAT obtained image (green) and two
high PA signals were observed in (b) (as indicated by white
arrow). Finger-like protrusions extending into the surrounding
tissues were revealed in the MRI/TAT infused image (c), TA
signal shown in orange color. (d) displayed co-registered MR–
PA–TA image (see Media 2). The scanned coronal slice is in-
dicated by the red dotted block in the photograph of tumor,
given in (e), and the magni¯ed picture of the FOV (¯eld of
view) is shown in (f). Black arrow in (f) shows that the PAT
recovered two high signals. Vascular histology analysis indicted
in (g) present some vessels of larger size, about 100�m in di-
ameter (yellow arrow). One of these blood vessels was magni-
¯ed in (h). The scale bar for (g) and (h) was 500�m and
200�m, respectively.
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integrate a PAT scanner into MRI by using ¯ber
bundles for pulsed laser propagation and PA signal
detection. In this case, the TA and PA dual modality
3D image can be obtained ¯rst before the patient is
placed into the MRI scanner, and the MRI and PA
dual modality 3D image can then be acquired.
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Appendix

Media 1: The overlaid 3D MRI, 2D PAT, and 2D
TAT slice images depicting the rotation of the tumor:
The co-registered MR–PA–TA imaging with 3D
rendered MRI images showing good co-localization.

Media 2: 3D MRI depicting rotation of the blood
vessels: An overlay of co-registered PAT and TAT
images over the MRI angiogenesis image, indicating
enhanced tumor angiogenesis sensitivity.
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