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Tongue cancer is an increasingly common disease with high morbidity. Besides clinical obser-
vation, biomedical imaging techniques have been investigated for early detection of tongue
cancer. In this paper, we proposed a co-registered dual-modality photoacoustic (PA) and ul-
trasound imaging technique to simultaneously map the functional and structural information of
human tongue, which has the potential to detect and diagnose tongue cancer in early stage. The
imaging probe comprises a 20-MHz side-view focused transducer for ultrasound imaging and PA
detection, a light path constructed by a multimode optical fiber, and a prism for PA illumination.
Phantom experiments were conducted to evaluate the performance of the system including
penetration depth, spatial resolution and signal-to-noise ratio. In wvivo imaging of animal
tumor and human tongue was carried out to show the feasibility of the proposed technique to
detect tumor lesions in human tongue. The results of phantom and in vivo experiments suggest
that the proposed technique has the potential to detect the early-stage cancer lesions in human
tongue.
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1. Introduction clinical investigation shows that early intervention

Tongue cancer, accompanied with high morbidity, can significantly improve the survival rate and
has become one of the common malignant neoplasms ~ prognostic life quality of patients. For instance,
in the oral cavity.!? For most types of cancers, 5-year survival rates of stage I and stage IV tongue
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cancers are 82% and 35%, respectively.? Currently,
the most commonly used diagnostic method
for tongue cancer is clinical observation followed
by pathological analysis.* In clinical observation,
physicians inspect the suspicious tissues using
naked eyes or some camera-based stomatoscopes.
However, clinical observation is subjective, and
thus the accuracy highly depends on the clinical
experience of physicians. In addition, conventional
stomatoscopes are only suitable for superficial
lesions.

With the rapid development of new and existing
imaging modalities, several clinical and biomedical
imaging techniques focusing on detecting and
assessing tongue cancer have been reported, such as
narrowband imaging (NBI),%6 fluorescence spec-
troscopy,”®  optical  coherence  tomography
(OCT),*1% computed tomography (CT)12 and
magnetic resonance image (MRI).!1*!* NBI and
fluorescence spectroscopy are able to provide de-
tailed information of the mucosa with high sensi-
tivity and specificity, but limited to superficial
tumor lesions. OCT has been used to identify early-
stage oral cancer lesions combined with nanoparticles.
However, it is only sensitive to morphological changes
in the early cancerous stage, and the imaging depth
(<3mm) is still insufficient to detect deep lesions.
OCT angiography (OCTA), utilizing flow contrast
from red blood cells, is capable of visualizing both
structural and functional parameters of vasculatures
without coupling medium and with a high spatial
resolution. Unfortunately, besides the insufficient
penetration depth to cover the entire tongue, the
imaging speed is limited by the requirement of
repeated scanning in one position. CT scan specifi-
cally predict the calcification of the tumor in the
early stage. Unfortunately, it suffers from ionizing
radiation and low sensitivity to soft tissues.
Although MRI has successfully demonstrated to
examine tongue tumor lesions in clinics, high cost
and low temporal resolution prevent it from routine
inspection.

Photoacoustic imaging (PAI) is a hybrid optical
imaging technique that combines rich optical
contrast and deep penetration with high acoustic
resolution.’® In PAI, wideband acoustic signals
generated as a result of thermal expansion are
collected and spatially resolved by the acoustic
transducer.' Nowadays, PAI has been successfully
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demonstrated in different research fields such as
biology, medicine, and nanotechnology.!”™2° How-
ever, from the fundamental of photoacoustic, PA
imaging is only sensitive to optical absorption and
can offer limited structural information of high op-
tical absorbing tissues.!® For most of the normal
human tissues with mediate and low optical
absorption coefficients such as fat, muscle, nevus,
and fiber, the PA signal is too weak to be detected
using current acoustic transducers. Ultrasound
imaging, based on the different acoustic impedances
between tissues, is specialized in providing mor-
phological information of tissues and remains one of
the most essential and mature techniques in clinics.
Since the ultrasound transducer can detect both PA
signals and ultrasound echoes simultaneously, it is
feasible to integrate PAI and ultrasound imaging in
a single system to obtain both functional and mor-
phological information of tissues. In intravascular
and endoscopic research, ultrasound imaging
has been extensively combined with different PA
imaging modalities such as PA computed tomog-
raphy, acoustic-resolution PA microscopy and
optical-resolution PA microscopy to supplement
tissue/organ structures.?! 23

During the development of tongue cancer, there
exists angiogenesis in the early-stage cancerization
of tissues.?* Angiogenesis will result in a large
number of newborn blood vessels serving as strong
optical absorption contrast to distinguish cancerous
tissues from normal tissues for PA imaging. More-
over, the acoustic impedance variance of cancerous
lesions provides acoustic contrast for ultrasound
imaging. Oraevesky et al. demonstrated the feasi-
bility of detecting tumor lesions using PAI and
Fatakdawala et al. integrated PA microscopy, ul-
trasound microscopy and fluorescence imaging in a
single system to achieve multimodal in vivo imaging
of oral cancer.?%-26 Both of the systems are too bulky
to be used in a human oral cavity. Hence, in this
study, we design and integrate the PA and US im-
aging into a miniaturized probe to achieve the in-
spection of potential tongue cancers in human oral
cavity. Besides the evaluation of the system per-
formance via phantom experiments and in wvivo
mouse-based tumor model, we successfully visualize
both vasculature and tissue structures of the human
tongue in three-dimension. This study proves that
the proposed dual-modality technique has the po-
tential for detection and diagnosis of the early stage
tongue cancer in clinics.

1850008-2



September 25, 2017

3:39:38pm WSPC/248-JIOHS 1850008

2. Materials and Methods
2.1. System configuration

Figure 1(a) shows the schematic of the proposed
system. Laser pulses with a duration of 7ns and a
repetition rate of 20 Hz from an OPO laser (Surelite
OPO, Continuum, CA) are split by a thin glass.
The reflection pulses are detected by a fast photo-
diode (818-BB-21, Newport) to monitor the fluctu-
ation of photon energy. The transmission pulses are
coupled into a 2mm optical fiber bundle which is
used to deliver the excitation pulses to the tissue
surface. Generated PA signals are detected by a
focused ultrasonic transducer. A pulse/receiver
(5073PR, Olympus) is utilized to drive the trans-
ducer to generate acoustic waves for ultrasound
imaging and amplify both PA signals and ultrasonic
echoes. Both ultrasound and PA signals are
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Fig. 1. (a) The schematic of the integrated system. OPO:
Optical Parametric Oscillator, BS: Beam splitter, L: Convex
lens, PD: Photodiode, F: Fiber, DAQ: Data acquisition system.
(b) 3D rendering of the imaging interface (left), photograph of
the volunteer receiving inspection (top right), and close-up view
of the part indicated by the dashed rectangle in the imaging
interface (bottom right). H: resinous holder, T: Transducer, F:
Fiber bundle, P: Prism.
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digitalized by a 12 bits DAQ card (NI-5124, Na-
tional Instruments Corporation, TX) with a sam-
pling rate of 200Ms/S. A functional generator
(DG1022U, Rigol) is employed to provide a delay
time between triggers for PAI and ultrasound im-
aging. We use a wavelength of 750 nm with an op-
tical radiant exposure of 15mJ/cm? which is lower
than the American National Standards Institute
Safety (ANSI) limit of 22mJ/cm?. No averaging of
PA and ultrasound signals is required for all the
experiments.

2.2. Imaging interface

As presented in Fig. 1(b), the implemented probe
consists of a 20 MHz focused side-view transducer
(V3343, Olympus) with an active area of 3 mm in
diameter and a focal length of 12.7mm, a fiber
bundle and a prism utilized to direct the laser pulses
to the tissue surface. The diameter of the whole
imaging probe is 14.7mm. The laser spot and
acoustic focus are carefully adjusted to achieve
partial overlap to achieve a better SNR of PA sig-
nals. The probe is mounted on a motorized rotator
to achieve sector scanning. A lifting motor is inte-
grated with the rotator to realize scanning in Z
direction with a step of 250 um. A resinous holder is
designed and printed via a 3D printer to immobilize
the tongue as shown in Fig. 1(b). The imaging
window inside the holder is sealed with a piece of
ultrathin plastic membrane. In the experiments, the
volunteer would bite the resinous holder and the
tongue was tightly attached to the membrane with
drinkable water filling the gap. The internal space of
the resinous holder was filled with water serving as
the coupling medium for ultrasound transmission.

2.3. Phantom preparation

To evaluate the performance of the system, 12
human hairs with a diameter of 60 um were located
in the tissue-mimicking background perpendicularly
to the imaging plane and spread away from the
center with a constant increment of 0.8 mm. The
background was made by the mixture of agar,
deionized water, India ink and intralipid, which had
an optical absorption coefficient of 0.007 mm ! and
a reduced optical scattering coefficient of 1.0 mm 1.
The imaged size of hair was used to characterize
the lateral resolutions of PA and ultrasound imaging.
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In addition, to assess the performance of PA and
ultrasound imaging on tumor detection, three
groups of cylindrical tumor-mimicking targets with
a diameter of 0.8 mm were prepared. The first group
of targets were made of solidified agarose phantom
with an optical contrast of 10 and no acoustic
contrast to the tissue-mimicking background. The
second group of targets were made of transparent
epoxy which had the acoustic contrast of 1.5 and no
optical contrast to the background. The third group
of targets had both optical and acoustic contrasts of
10 and 1.5, respectively, by mixing India ink,
intralipid and transparent epoxy.

2.4. Tumor model and experiments

Mouse mammary carcinoma 47T1 cells were cultured
at 37°C in a humidified incubator supplemented
with 10% fetal bovine serum and antibiotics. Cells
were harvested at 80% confluence. 2 x 10¢ cells
were implanted into the mammary fat pads of 6-8
week-old female BALB/C mice. Tumors were
allowed to progress for 7-10 days to a size of 4 mm
prior to the in wvivo experiments. Animals were
provisional anesthetized using isoflurane with pre-
cision vaporizer at 1-1.5% followed by injection of
a mixture of ketamine (85 mg/kg) and xylazine
(4 mg/kg). We mounted the imaging probe on a
two-dimensional stepper motor and did a dual-
modality raster scan of the tumors with an interval
of 0.1 mm. An entire imaging area of 10 mm x 10 mm
was covered. We imaged the tumors in wvivo by
adding additional biological tissues to the top of the
mouse skin. After the experiments, all mice were
sacrificed using University of Electronic Science and
Technology of China (UESTC)-approved techniques.

3. Results

Figures 2(a) and 2(b) show the representative PA
and ultrasonic B-scan images of hairs embedded at
different depths in the background. In the experi-
ments, each B-scan image covers a 270° field of view
(FOV) formed by 360 A-lines. From both the PA
and ultrasonic images, when the hairs move away
from the acoustic focus indicated by the white
arrows, the lateral resolution deteriorates. Based on
the fundamental of acoustic-resolution PA micros-
copy and B-mode ultrasound imaging, the best
lateral resolution is determined by the size of the
acoustic focus. In the current setup, the best
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theoretical lateral resolution is calculated to be
320 pm according to the center frequency, aperture
size, and focal length of the transducer. We plot
the lateral profiles of the hair indicated by the
white arrows in Figs. 2(c) and 2(d). Full widths at
half maximum (FWHMs) of the profiles are con-
sidered to be the best lateral resolutions of PA and
ultrasound images, which are 420 ym and 340 pm,
respectively. The results suggest that the measured
lateral resolutions are slightly worse than the
theoretical one. The major reasons for this discrep-
ancy are probably that the probe may not be posi-
tioned in an absolute vertical state and the hair used
to estimate the best lateral resolution is slightly off
the acoustic focus. The axial resolution of the system
is approximately 92 um determined by the center
frequency of the transducer.?” The maximum pene-
tration depth for human hair is measured to be more
than 15mm. As shown in Figs. 2(e) and 2(f), both
photoacoustic and ultrasound signals have the best
signal-to-noise ratios (SNRs) of 32dB and 34dB at
the acoustic focus, and both SNRs deteriorate when
the targets locate off the focus.

In additional phantom experiments, we scanned
three groups of tissue mimicking phantoms with 160
A-lines covering the FOV of 120°. Figures 3(a)
and 3(b) show the PA and ultrasound B-scans of
the first phantom with PA-contrast-only targets.
We find that all three targets are invisible to
ultrasound imaging due to the lack of acoustic
contrast. In the second phantom with acoustic-
contrast-only targets, as shown in Figs. 3(c) and
3(d), all the targets are only visible to ultrasound
imaging. As we expected, in the third phantom
containing targets with both PA and acoustic con-
trast, PA and ultrasound imaging can visualize
them clearly as shown in Figs. 3(e) and 3(f). These
results suggest that both imaging modalities are
able to detect real tumor lesions with sufficient
sensitivity, and complement each other in compre-
hensive situations. We note that, in PA images,
only boundaries of targets are clearly identified with
the loss of inside information. This phenomenon is
due to the high center frequency and limited re-
sponse bandwidth of the transducer leading to the
loss of the low-frequency PA signals.

To evaluate the clinical potential of this tech-
nique for detecting tongue cancer in human, we
imaged animal tumors in vivo and evaluated the
penetration depth by adding additional chicken
breast to the top of the tumors. Figure 4(a) shows
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Fig. 2. Evaluation of the system resolutions and SNRs. (a) and (b) Representative PA and ultrasonic B-scan images (Hilbert
transformed) acquired from the hair phantom. (c) and (d) FWHM of the profiles for the selected targets located at the acoustic focus
indicated by white arrows in (a) and (b). (e) and (f) Calculated SNRs of the hair with the increase of the depth.

PA

°

1 0 1

0

Fig. 3. PA and ultrasonic B-scan images of tissue mimicking phantoms. (a) and (b) The first group of targets with an optical
contrast and no acoustic contrast. (c) and (d) The second group of targets with an acoustic contrast and no optical contrast. (e) and

(f) The third group of targets with both optical and acoustic contrasts.
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Fig. 4. Evaluation of the imaging depths and SBRs of both imaging modalities using a mouse tumor model. (a) PA (top) and
ultrasonic (bottom) MAP images of a tumor without adding chicken breast. The dashed blue lines indicated the position of the
selected cross-sections of PA and US. (b) SBRs vs depth. (c) and (d) PA (top row) and ultrasonic (bottom row) B-Scan images by
adding different thicknesses of chicken breast, respectively (The red dashed line represents the thickness of chicken breast. 0.3, 1.5,

3.0 and 5.5 mm, respectively). Scale bar: 1 mm.

the PA and ultrasonic maximum amplitude pro-
jections (MAPs) of the tumor in a mouse without
adding chicken breast, respectively. The dashed
blue line represents the position of PA and ultra-
sonic B-scan images shown in Figs. 4(c) and 4(d).
The tumors of the mice are clearly imageable even after
adding 5.5-mm thickness of chicken breast. As the
imaging depth increased, the signal to background
ratio (SBR) decreased from 28 to 13 dB and from 32 to
20dB as shown in Fig. 4(b), respectively.

To validate the feasibility of this probe in clinical
application, normal human tongues of the healthy
volunteers were imaged. We have obtained consents

layer 1
60°

layer 2

Fig. 5.

from the volunteers. Figure 5 shows the PA and
ultrasonic B-scan images of four typical layers. The
images cover 60° FOVs corresponding to 80 A-lines.
In PA images, we can clearly see many large blood
vessels and clusters of small ones. In US images,
the inside structure changes of tongue were clearly
identified. The red dotted lines represent the surfaces
of the tongue in different positions. In human cases,
the penetration depth of PA and ultrasound imaging
is 5.5 mm, which is sufficient to cover the thickness of
human tongue under the flattened condition. We
present the co-registered three-dimensional data in
Medias 1 and 2.

layer 3

In vivo photoacoustic (top row) and ultrasonic (bottom row) B-scan images of four typical tongue slices (~7.5 mm depths

are displayed). In the US images, the red dashed line represents the surfaces of the tongue.
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4. Discussion

In this study, we propose and design a dual-modality
PA and ultrasound imaging probe, which has the
potential for early-stage tongue cancer detection.
The PA and ultrasound modalities yield to lateral
resolutions of 420 um and 340 um, respectively. The
maximum penetration depth can reach up to 15 mm
for imaging blood vessels and 5.5mm for tumor
lesions, which is sufficient for tongue cancer detec-
tion. Compared with previous studies, we have
carried out experiments of human tongue to further
assess the feasibility of this technique in clinics. The
results indicate that the penetration depth of PA
and ultrasound imaging is 5.5 mm which is sufficient
to cover the entire tongue, PA imaging is able to
detect blood vessels associated with early-stage
cancerous tissue, and ultrasound imaging is capable
of imaging the internal structures of the tongue.
Although we have demonstrated the great potential
of this system in tongue cancer detection, some
challenges and several further improvements are
still needed to overcome and implement this system.
First, a high-frequency ultrasound transducer with
a shorter focal length can significantly improve the
sensitivity and spatial resolution of the imaging
system. Second, a higher repetition rate laser source
is needed to improve the imaging speed and
promote clinical applications in tongue cancer.
Third, we did a preliminary study in human which
just suits for the tongue inspection. However, the
internal structure of the oral cavity is much more
complicated than other organs such as breast, colon,
and esophagus. Therefore, it is challenging to design
a universal PA imaging interface suitable for the
entire oral cavity. In order to inspect the entire
mouth, efforts will be focused on miniaturization
and design of specific imaging interfaces for different
subjects inside the oral cavity.
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