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Abstract

In this Letter, we propose a novel triplex-parameter detection method to realize simultaneous
radiometric, photoacoustic, and ultrasonic imaging based on single-pulse excitation. The optical
attenuation, optical absorption, and acoustic impedance properties can be obtained simultaneously
by analyzing the photoacoustic signals and the ultrasonic echo signals. To test the feasibility and
accuracy of this method, agar phantoms with different absorption coefficients and elastic
coefficients were measured. Then, this method was experimentally verified by imaging a leaf
skeleton piece embedded in an agar cylinder. Furthermore, pilot experiments were performed by
triplex imaging of pig ear tissue ex vivoto characterize the cartilage and surrounding tissue.
Experimental results demonstrated that this technique has future potentials for visualizing and
providing the functional and structural information of biological tissues.

Photoacoustic (PA) imaging is a noninvasive biomedical imaging modality, based upon the
ultrasound induced by the pulsed laser due to thermoelastic expansion, which provides high
optical contrast with high spatial resolution at unprecedented imaging depths [1-3]. When a
sample is irradiated by a short excitation pulsed laser, optical absorption of the sample leads
to nonradiative transition followed by a rapid local temperature rise. The localized
temperature rise then causes thermal expansion as well as subsequent emission of PA wave
generation based on the thermoelastic mechanism [4,5]. By recording the whole PA waves
across the sample and extracting its peak amplitude mainly, the absorbed laser distribution
on the sample can be reconstructed. The contrast of PA imaging is dominated by different
optical absorption, making it an attractive candidate for biomedical applications [6-12].
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Although PA techniques have made great progress in the past decade, there are few
achievements that can simultaneously obtain multiple contrasts to eventually provide
complementary information for pathological diagnosis [13-15].

In fact, when we use an ultrasonic transducer to detect the PA signals from the tissues, two
additional images with different contrasts mechanisms can be obtained simultaneously. The
radiometric and ultrasonic technique is readily implemented in PA setups in which the laser
used for PA signal generation illuminates the transducer after passing through the sample. In
radiometric imaging, the portion of the excitation laser beam that is transmitted through the
sample impinges directly upon the active element, which usually has an extremely high
absorption coefficient and increased efficiency of thermoacoustic conversion. Thus, another
PA wave will be generated and detected by the piezoelectric material of the transducer
[16,17]. Meanwhile, this PA wave will propagate to the sample and get reflected, so that an
ultrasonic image can be obtained by using the echo [18]. In this way, for every laser pulse
emitted, two PA waves are generated simultaneously, one originating from the sample, and
the other originating within the transducer; one ultrasonic echo from the sample can be
acquired later.

In this Letter, we proposed a triplex-parameter detection method to realize the simultaneous
laser radiometric (LR), PA, and laser ultrasonic (LU) imaging based on single-pulse
excitation. The optical attenuation, optical absorption, and acoustic impedance properties
can be obtained simultaneously. This novel method will take full advantage of these three
parameters to simultaneously assess the functional and biomechanical property of biological
tissue. Additionally, three different contrast mechanisms may increase the diagnostic
capability of the PA technique in biomedical and clinical studies.

The schematic diagram of the experimental setup is shown in Fig. 1. A picosecond pulsed
laser operating at 532 nm wavelength with 400 Hz repetition rate and 7 ps pulse duration
(COMPILER 532/266, Passat, Ltd., Canada) was used as the excitation source. The
transmitted laser was focused by a 4x microscope objective lens (NA=0.1) to illuminate the
target. The signal was generated from the illuminated point, traveled through distilled water,
and then was captured by a customized ultrasonic transducer with 5 MHz center frequency.
The signal was then amplified with a gain of 50 dB and recorded with a data acquisition card
(NI PCI-5153EX, National Instruments) at a sampling rate of 100 M samples/s. The time
sequence is described in Fig. 2. The data points were obtained by mechanically scanning the
sample over the desired region with a step size of 20 um with a scanning stage (LMS203
Fast XY Scanning stage, Thorlabs). For each step, the signals were averaged 100 times to
improve the signal-to-noise ratio. For a 1 mm x 1 mm image area, scanning took up to
roughly 10 min. All data was sent to a computer to be stored, and the signals were analyzed
with the fast Hilbert transform, and then the LR/PA/LU images can be obtained by using the
maximum intensity projection by MATLAB computation. During data acquisition, the
sample was placed in a water container, and a thermocouple was used to measure and
control the experimental temperature of 20 £ 0.1°C for carrying out all the measurements.

The lateral resolution of the triplex imaging system was quantified by imaging the edge of a
blade. The results are shown in Fig. 3. The radiometric image of the blade is shown in Fig.
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3(a). The edge spread function (ESF) was calculated along the red dashed line. Taking the
derivative of the ESF, the line spread function (LSF) can be obtained, which demonstrated
that the lateral resolution of this system is roughly 100 um as defined by the full width at
half-maximum (FWHM) of the LSF in Fig. 3(b). Figure 3(c) shows the recorded PA signals
of the agar and blade, respectively. Due to the low laser absorption of the agar, the signal has
a big LR part and a small PA part. Additionally, we can also get the reflected LU signal from
the agar with double time interval. In contrast, when the laser moved onto the blade, a bigger
PA signal could be obtained simultaneously with a small LR signal and a negligible LU
signal. The results indicated that this imaging system can acquire triplex contrast
information simultaneously.

As illustrated in Fig. 4, agar—ink mixtures with different absorption and acoustic impedance
coefficients were used as different models to validate the proposed method for triplex
contrast measurement. In Fig. 4(a), three agar phantoms that contained 2% agar and 0.2%,
0.4%, and 0.6% ink were used. As predicted theoretically, the observed LR signal and the
LU signal decreased while the PA signal increased with the increase of absorption
coefficient of the mixtures. In contrast, as shown in Fig. 4(b), the amplitudes of the LR
signals were almost the same, and the samples did not generate any PA signals owing to
relatively weak light absorption of agar at 532 nm wavelength. However, the amplitude of
the reflected LU signal is proportional to the difference in acoustic impedance that varies
corresponding to the density change inside of the agar phantom [19]. The greater the
difference in acoustic impedance between the adjacent agar medium, the more LU waves
will be reflected. The results indicated that the triplex contrast mechanism could compensate
for each other’s deficiencies.

In Fig. 5(a), a leaf skeleton embedded in agar phantom was used to experimentally validate
the proposed method. Figures 4(d) and 5(b) show two-dimensional images resulting from
the simultaneous LR/PA/LU scan. Due to the high optical absorption at 532 nm, the black
leaf skeleton significantly decreased the detected LR signal and yielded high PA signals in
PA imaging. Thus, compared with the LR image in Fig. 5(b), the PA image showed the
opposite contrast in Fig. 5(c). Meanwhile, as demonstrated in Fig. 4, the LU signal intensity
is affected by the LR signal, which directly linked to the laser radiation dose on the
transducer active element. In this way, the LU image in Fig. 5(d) provided excellent
agreement with the LR image. Additionally, the reconstructed profiles, extracted from the
triplex images along the horizontal red dashed lines [Fig. 5(a)], are plotted in Fig. 5(¢). Since
the intensity of the LU signal is directly affected by the LR signal, the calibrated LU image
[Fig. 5(f)] can be obtained through numerically dividing the LU image by the LR image,
which can provide the acoustic impedance information of the agar phantom.
Correspondingly, due to the heterogeneity of the agar in the background, the LU signals will
be relatively stronger in the denser areas of the agar phantom, and the black spots in the
background represent the agar with lower density [20].

The ex vivo experiment with a pig ear was designed to demonstrate the feasibility of the
triplex imaging for biomedical applications [Fig. 6(a)]. In Fig. 6(b), the LR image could
visualize the ear profile, which showed that the cartilage tissue had higher light absorption
and scattering than that of the surrounding tissue. Meanwhile, the location of fat can be

Opt Lett. Author manuscript; available in PMC 2021 March 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 4

separated based on the sufficiently high contrast compared to the cartilage as shown in the
PA image in Fig. 6(c). Due to the different acoustic impedance, the contrast of the cartilage
was much higher in Fig. 6(d), which indicated that the stiffness of the cartilage was much
higher than that of the surrounding tissue. Figure 6(e) shows the reconstructed profiles
extracted from the triplex images along the horizontal black dashed lines. Through
calibration, we can additionally provide the acoustic impedance differences of the cartilage
and the fat granule [Fig. 6(f)]. This result demonstrated that this triplex PA measurement can
simultaneously provide scattering, absorption, and biomechanical information of different
type of tissues, which can provide triplex-information of biological tissues for accurate
medical diagnosis.

In this Letter, a novel PA technique that can realize triplex-parameter detection of biological
tissues with high spatial resolution was described, which provided simultaneous radiometric,
PA, and ultrasonic imaging based on single-pulse excitation. However, there are still many
problems that remain to be improved. In traditional PA imaging, a reflection-mode PA
microscopy system is often designed and implemented to noninvasively image optical
absorption contrast /n vivo. In this Letter, we have used the transmission-mode PA setup to
obtain the radiometric image, which relatively reflected the spatial difference in optical
absorption and scattering properties of the sample. Thus, this technique can only function for
imaging of thin biological samples due to the transmission-mode and the low penetration
depth at 532 nm. To overcome this problem, a near-infrared nanosecond pulsed laser will be
employed as the excitation source in the future to realize the triplex imaging with a large
range of imaging depth.

Although this triplex-parameter detection technique was well applied to the ex vivo
detection of tissue-mimicking phantom and biological tissues, a prospective study is still
needed to extrapolate this method to /n vivo biomedical applications or clinical situation.
Near-infrared diffuse optical tomography (DOT), which is emerging as a novel biomedical
imaging technique, probes absorption as well as scattering properties of biological tissues
[21]. By combining DOT with our method, we may realize quantitative /7 vivo mapping of
the optical absorption coefficients and scattering coefficients of thick tissues with additional
ultrasonic information, which in turn would provide new insights into the functional and
compositional imaging in biomedical applications such as tumor detection in the breast or
three-dimensional imaging of bones and joints [22].

From clinical translation prospective, the proposed idea can be easily incorporated into a
new imaging modality called x-ray-induced acoustic computed tomography (XACT). The
XACT imaging technique was applied to detect the acoustic waves generated in the object
following x ray photon irradiation. These acoustic waves can be then used to reconstruct an
image that contains information of the x ray dose distribution within the object [23-25]. By
employing a pulsed x-ray source and a two-dimensional planar array ultrasonic transducer,
we can easily realize this triplex imaging method to obtain the integrated x ray, XACT, and
ultrasound images. In this way, x ray attenuation, absorption, and acoustic impedance
contrast reconstructions can be achieved simultaneously, which has great potentials in
clinical transformation for diagnosis and treatment of tumor or bone-related diseases.
Another potential clinical application of this technique is label-free trimodal histological
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imaging of tissue slices. In clinical medicine, the tissue specimens are usually processed into
histological sections with staining and then used in the microscopic examination to study the
manifestations of disease. However, without requiring thin slicing and staining, the proposed
approach can provide label-free triplex radiometric, PA, and ultrasonic histology images of
the tissue slices with high resolution and high contrast, which will benefit the rapid
diagnosis of fresh pathological specimens [26].

In summary, we have developed a novel integrated trimodal radiometric, PA, and ultrasonic
detection technique for triplex imaging of biological tissues based on single-pulse excitation.
The phantom experiments demonstrated that this trimodality imaging system has the
capacity for imaging the optical attenuation, optical absorption, and acoustic impedance
differences with high resolution and high contrast. Furthermore, ex vivo experiment on pig
ear tissues was performed to show the capability of this triplex imaging method to visualize
and characterize different types of tissues such as cartilage, fat, and other surrounding
tissues. It is trusted that this triplex imaging technique would provide morphological,
functional, and mechanical properties of biological tissues simultaneously with
complementary contrast mechanisms, which have great potential in noninvasive diagnosis
and assessment of the pathological progression.
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