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Abstract

Most current photoacoustic imaging (PAI) systems employ piezoelectric transducers to receive
photoacoustic signals, which requires coupling medium to facilitate photoacoustic wave
propagation and are not favored in many applications. Here, we report an all-optical non-contact
PAI system based on a commercial heterodyne interferometer working at 1550 nm. The
interferometer remotely detects ultrasound-induced surface vibration and does not involve any
physical contact with the sample. The theoretically predicated and experimentally measured noise
equivalent detection limits of the optical sensor are about 4.5 and 810 Pa over 1.2 MHz bandwidth.
Using a raster-scan PAI system equipped with the non-contact design, stereotactic boundaries of
an artificial tumor in a pig brain were accurately delineated. The non-contact design also enables
the tomographic PAI of biological tissue samples in a non-invasive manner. The preliminary
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results and analyses reveal that the heterodyne interferometer-based non-contact PAI system holds
good potential in biomedical imaging.

Index Terms

Biophotonics; photoacoustic imaging; interferometry; remote sensing

[. Introduction

Photoacoustic Imaging (PAI), which combines the merits of the high contrast of optical
imaging and the good penetration of ultrasound imaging, is a hybrid and non-invasive
imaging modality, and has been extensively explored for various biomedical applications
[1]-[7]. A PAI system typically involves two major parts, that is, optical excitation of
biological absorbers by pulsed laser and acoustic detection by ultrasonic sensor. Of the two,
the latter plays a substantial role in the final imaging results.

Current PAI systems prevailingly employ piezoelectric transducers for PA signal detection
[1]-[4], [8], [9]. In spite of their high sensitivity, this type of transducers has several
limitations. First, piezoelectric transducer usually has a narrow frequency bandwidth and can
only respond to part of the inherently broadband PA signals. The loss of low-and/or high-
frequency components limits the imaging spatial resolution [2]. Second, piezoelectric
transducer typically has a finite aperture size, which results in degraded imaging quality due
to the violation of the point detector assumption required by most reconstruction algorithms
[10]. Third, piezoelectric transducers may physically interfere with the excitation laser beam
when working in the reflection mode. Moreover, to facilitate PA wave propagation, acoustic
coupling medium (such as water or gel) needs to be applied between the transducer and the
sample. Although this is not a problem in most situations, being able to image in a
completely non-contact manner is highly desirable in specific applications, such as image-
guided brain surgery [11], wound assessment [12], and ophthalmology [13]. The practical
difficulties have raised much awareness and are stimulating recent developments of novel
ultrasound detection methods in PALI.

Optical detection of ultrasound, which has been extensively researched for several decades,
could overcome the limitations of conventional piezoelectric transducers and serve as an
alternative. To date, various types of optical sensors for ultrasound detection have been
developed. These optical sensors could be categorized into two major types, i.e., contact
optical sensor and non-contact optical sensor. Contact optical sensor normally uses water or
acoustic gel to couple ultrasound from the sample to the sensor [14]-[30]. This type of
optical sensor includes the Fabry-Perot polymer film sensor [14]-[20], the micro-ring sensor
[21]-[26], the fiber Bragg grating sensor [27], the probe beam deflection based sensor [28],
etc. Contact optical sensor usually has comparable sensitivity with conventional
piezoelectric transducer, but still needs coupling medium for PA signal reception. The
second type, i.e., non-contact optical sensor, can detect PA signal remotely without any
physical contact with the sample. It usually utilizes phase- or frequency-modulated light
backscattered from sample surface to interferometrically detect ultrasound-induced surface
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vibration and can be remotely performed [31]-[39]. Exploratory studies have been focused
on heterodyne interferometry [31], optical fiber-based interferometry [32], two-wave mixing
interferometry [33], multi-beam Fabry-Perot interferometry [34], [35], low-coherence
interferometry [36]-[38], full-field speckle interferometry [39], etc. Due to its advantages,
non-contact optical sensing of ultrasound holds substantial promise in PAI.

In this work, we report an all-optical non-contact PAI system based on a commercially
available heterodyne interferometer (RSV-150, Polytec, Irvine, CA). The model RSV-150
working at 1550nm was chosen because it has higher sensitivity than shorter-wavelength
interferometers [40]. The main purpose of the study is to systematically evaluate the
performance of the heterodyne interferometer in PAI from both theory and experiment, and
explore the feasibility of non-contact PAI in a non-invasive manner. We will first introduce
the principle of the interferometer, then present the findings from performance
characterization, and finally show the imaging results obtained on biological samples.

Il. Optical Heterodyne Measurement

Figure 1 shows the Mach-Zehnder configuration of the heterodyne interferometer. The
emitted laser beam at 1550 nm is split by the beam splitter 1 (BS1) into two components,
i.e., the measurement (red) and the reference (blue) beams. The measurement beam, after
transmitting through BS2, is focused onto the sample by an objective, phase modulated by
ultrasound-induced surface vibration, backscattered into the interferometer, and finally
reflected to the photodetector. The reference beam, after being reflected by BS3, experiences
a steady frequency shift (e.g., g5 = 40 MHz) induced by an acoustic-optic modulator or
Bragg cell, and is reflected by BS4 to the same photodetector. The measurement beam and
the reference beam interfere with each other after they meet after BS4, which produces a
periodic intensity modulation of the voltage output of the photodetector. The voltage signal
is split into two parts, which are mixed with two quadrature signals generated by a local
oscillator (LO), low-pass (LP) filtered, and finally computed for instantaneous surface
displacement or velocity output. The mathematical formulation is presented below.

Using the representation of plane mechanical wave, ultrasound-induced surface particle
displacement & can be written as

6(t):5maXCOS(27Tfut)7 (1)

where émax is the amplitude and £ is the ultrasonic frequency. Surface particle velocity is
the derivative of instantaneous displacement, that is,

’U(t)zm: — 27 fuOmaxsin (27 fut).

dt (2

IEEE Sens J. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tian et al.

Page 4

Using the representation of plane electromagnetic wave, the beam from the laser can be
expressed as

E=Fyexp[i(wt — kz+¢)], (3)

where £y is the amplitude, w = 2zfis the angular frequency, fis the laser frequency, k=
27t/A is the wave number, ¢ is the initial phase, and zis the propagation direction of the
wave. In this way, the reference beam with a frequency shift /3 induced by the Bragg cell
can be written as

Er=Eqpexpi[ (wHwg)t — kz1+¢], ()

where wg = 27z and £y is the amplitude. The measurement beam with phase modulation
caused by surface particle displacement & can be written as

Ey=FEgexp(i{wt — k[z2 — 26(t)]+¢}),  (5)
where Eyq is the amplitude. The interference signal on the detector can be obtained as
I=|(E\+E,)|*=E{+E3+2E) Bxcos|w,t — 2k6(t)+¢ol, ()
where the bracket II means the mode, and ¢y = —k(2; — 2) is the constant phase difference.
To allow for digital demodulation, the intensity signal /is split and multiplied by two

quadrature signals coswgtand sinwgfgenerated by the LO [Fig. 1(b)], which can be written
as

I-coswyt=(E}+E3)coswy t+Ey Eycos| 2w, t—2k6 (t)+do)+ FE1 Excos| 2kd(t)— o], @)

I-sinw,t=(E?+F3)sinwg, t+ By Easin| 2w, t—2kd (t)+ o]+ E1 Easin| 2k (t)—¢o]. (8)

By low-pass filtering the high-frequency (wg and 2wg) components, the two signals are
transformed into the in-phase signal (/signal) and the quadrature signal (@ signal), i.e.,
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I(t)=E1 Eycos[2kd(t) — o], (9)

Q(t)=FE1Easin[2k0(t) — ¢o]. (10)
The instantaneous surface particle displacement & can be reconstructed as

5(75):% {arctan {%} +¢>0}. 1)

Note that ¢ is a constant. The surface particle velocity v can be accordingly obtained by
finding the derivative of 6 [Eq. (2)].

[1l. Performance Characterization

A phantom experiment was performed to characterize the receiving sensitivity and
bandwidth of the interferometer. A phantom [Fig. 2(a)] with a diameter of 25 mm, was made
from 10% porcine gel (G2500, Sigma-Aldrich, St. Louis, MO). A 500 gm diameter
polyethylene microsphere (BK500T, Thermo Fisher Scientific, Waltham, MA) was placed in
the center of the sample as a point target. The phantom was excited by a 532 nm pulsed laser
(Powerlite DLS 8010, Continuum Inc., San Jose, CA) at a fluence of about 18 mJ-cm™2. The
probe laser beam of the interferometer was perpendicularly pointed at the side surface of the
phantom to detect surface vibration caused by generated PA signals. After excitation by the
laser pulses, PA signals were initially generated at the optically absorbing microsphere, then
propagated to the phantom surface, and were finally detected by the laser interferometer, as a
typical signal shown in Fig 2(b).

To quantify the sensitivity and the bandwidth of the interferometer, the measurement was
also conducted by using a needle hydrophone (HNC-1500, Onda Co., Sunnyvale, CA)
whose frequency response from 0.1 MHz to 10 MHz had been calibrated. In the experiment,
the active tip of the needle hydrophone gently touched the side surface of the phantom with
water as the coupling medium, and the touching site was the same spot pointed to by the
probe laser beam. The absolute acoustic pressure pqps at the side surface of the phantom, as
measured by the calibrated needle hydrophone, was 8100 Pa. The detection sensitivity of the
heterodyne interferometer was quantified by the noise equivalent detectable pressure pnep,
which was calculated by

_ Unoise
PxEP— Pabs >

Usignal (12)
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where vgignal and vnojge are the peak-to-valley (PV) amplitude of the signal and the root-
mean-square (RMS) amplitude of the noise, respectively [17]. With vsjgna = 18.7 mm/s and
Unoise = 1.86 mm/s, pnep Of the interferometer was quantified as 810 Pa for this case.

The detection bandwidth of the interferometer was also evaluated by comparing the Fourier
spectrum of the signal measured by the interferometer with that from the calibrated needle
hydrophone. The calibrated receiving frequency response is shown in 111(c). As expected,
the spectral profile is very flat in the designed detection band. The -6 dB bandwidth of the
interferometer is approximately 1.2 MHz, which corresponds to a spatial resolution of 1.1
mm (r, = 0.88 v/ Bfor v=1.54 mm/us [2]) in PAL. As discussed later, the bandwidth and the
sensitivity pyep of the interferometer are inversely proportional to each other. The narrow
bandwidth used here is to ensure satisfactory sensitivity.

The measurement accuracy of the interferometer is subject to a variety of influences, such as
laser wavelength instability, photodetector nonlinearity, and electronic processing noise.
Among these, electronic processing noise is the most significant one. Thanks to the advances
in digital Doppler signal demodulation, the accuracy of the heterodyne interferometer has
been greatly improved compared with the ones using analog demodulation. The
measurement error is typically less than 1% [41], which ensures the accuracy of the imaging
results.

IV. Experimental Results

A. Non-Contact Boundary Delineation of Brain Tumor

Brain tumor is a kind of disease that involves cancerous or noncancerous growth of
abnormal cells in the brain. For aggressive malignant brain tumors, surgical excision is
usually inevitable [11]. Accurate demarcation of neoplastic tissue boundary is critical to the
survival or health of the patients. Current practice used in brain tumor surgery still relies on
tumor boundary identification by naked eyes, which can be misleading and risky due to the
infiltrative nature of neoplastic tissues. Our previous work has shown that PAI can
differentiate brain tumor from background tissue when the tumor is labelled with an optical
contrast agent [11]. In comparison with florescence imaging which has been adapted to
image-guided surgery of brain tumor, PAI, with good sectioning ability, is able to map a
tumor in a three-dimensional manner, presenting not only the tumor boundaries in the
horizontal plane, but also the tumor extension along the depth. Previous studies of PAI for
guiding brain tumor surgery [11], [42], however, are all based on the use of piezoelectric
transducers. To acquire an image, the probe needs to have a good contact with brain surface,
which may turn out to be difficult to perform through a small-size access window in the
skull. With the requirements of surface touching and applying of acoustic coupling material,
the imaging procedure would inevitably interfere with the surgery. In this experiment, we
want to explore the feasibility of brain tumor imaging and boundary delineation by using
PAI with a non-contact design.

The experiment was performed on an ex vivo swine brain model. The whole head was
harvested after the pig was euthanized. The scalp was removed and the top part of the skull
was opened for brain exposure. A square gel block (width: 7.0 mm, thickness: 2.0 mm)

IEEE Sens J. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian et al.

Page 7

containing Coomassie Blue (CB) G-250 dye (20278, Sigma-Aldrich) was fabricated and
embedded in the brain as an artificial tumor to mimic the situation of real brain tumor
labelled with optically absorbing contrast agent [I\-B(a)]. The concentration of the CB dye
in the gel block was 10 zg/mL (12 4M). The CB dye was adopted in the experiment because
it is a common dye used to aid in brain tumor visualization, and 10 g/mL is a typical
concentration enabling the tumor to be recognized by naked eyes [11].

Figure 3 shows the experimental setup. The excitation laser working at 595 nm with a
repetition rate of 10 Hz and pulse duration of 6 ns was from a dye laser (ND6000,
Continuum Inc.), which was pumped by the second harmonic output of a Nd: YAG laser
(Powerlite DLS 8010, Continuum Inc.). After passing through an iris, the laser beam was
deflected by a mirror onto the surface of the pig brain. The size of the excitation laser beam
on the brain surface was about 1.0 mm. The probe laser at 1550 nm from the interferometer
was weakly focused onto the center of the excitation laser spot by an objective (focal length
250 mm, numerical aperture NA = 0.1, diffraction-limited laser spot diameter about 4.0 xm)
to detect instantaneous surface vibration. To realize a B-scan, the sample (i.e., the pig head)
was fixed on a linear translation stage, and moved horizontally at a step size of 250 ym. The
laser, the interferometer, and the stage were synchronized by the trigger from the excitation
laser. The measured signals were first decoded by the controller of the interferometer, and
then digitized and recorded by an oscilloscope at a sampling rate of 50 MS/s (TDS 540,
Tektronix Inc., Beaverton, OR). The laser fluence used in the experiment was estimated to
be 24 mJ/cm?.

Figure 4(b) presents a typical experimentally acquired B-scan image of the artificial tumor
with 40 averages and its envelope after Hilbert transform. The red and the blue parts in the
B-scan image represent the positive and the negative components of the PA signals from the
tumor, and the black part of the image is background brain tissues. Apparently, the tumor is
distinguishable from background tissues because of clearly delineated boundaries both in the
horizontal plane (x-)) and along the depth direction (x-2). Specifically, in the horizontal
plane, the boundaries are demarcated by noticeable signal amplitude differences between the
tumor (red and blue parts) and background tissues (black part). Along the depth, the
thickness of the tumor is determined by the time of flight (TOF) difference between phase-
inverted signals (i.e., the positive signal and the negative signal) from the top and the bottom
surfaces of the tumor. One typical A-line signal, shown in 1\V-B(c), was extracted from the
B-scan image for closer study of the characteristics of the signals. There is a minor time lag
between the negative signal and the positive signal, which indicates they are from the bottom
and the top surfaces, respectively. The thickness of the tumor was in turn characterized to be
about 1.9 mm using the measured TOF difference (1.26 4s), which is very close the actual
thickness 2.0 mm. The processed B-scan image after Hilbert transform shows the volume of
the tumor, as shown in 1V-B(b). The experimental results reveal that, using the
interferometer based non-contact PAI system, boundaries of brain tumors can be accurately
profiled, which could provide reliable intraoperative guidance for brain tumor surgery in the
future.
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B. Non-Contact Photoacoustic Tomography

In this experiment, we sought to achieve tomographic PAI (i.e., photoacoustic tomography,
or PAT) of biological samples by using the non-contact design.

Two cylindrical phantoms (50 mm for both diameter and thickness) were made from 10%
gelatin solution mixed with Intralipid 20% (Fresenius Kabi, Uppsala, Sweden) with a
volume ratio 1:1. The human tissue mimicking background (10% intralipid) has an
absorption coefficient of 0.008 cm™1 and a reduced scattering coefficient of 152 cm™ at 532
nm [43], [44]. In the first phantom [Fig. 5(a)], three black rubber disks (4 mm in diameter
and 1 mm in thickness) were embedded in the phantom. In the second phantom [Fig. 5(c)], a
piece of fat tissue (30 mm in diameter and 12 mm in thickness) was first embedded in the
background gel, and then overlaid with two chicken gizzard cubes (5 mm in size) on the top.
The top surfaces of both phantoms were covered with 3 mm thick background scattering gel.
The inclusions in the final phantoms were invisible from the top with naked eyes.

Figure 6 shows the schematic of the interferometer based non-contact PAT system. The data
acquisition was achieved using a circular scan geometry realized by a rotation stage. The
excitation laser working at 532 nm was the second harmonic output of the same Nd:YAG
laser. The outgoing laser beam was expanded in diameter by a concave lens to achieve
uniform illumination of the samples, which were coaxially placed on a motorized rotation
stage. The probe laser at 1550 nm from the interferometer was perpendicularly pointed at
and weakly focused onto the side surface of the sample to detect surface vibration. The laser,
the interferometer, and the stage were synchronized by the trigger from the excitation laser.
The detected vibration signals were first demodulated by the controller of the interferometer,
and then digitized and recorded by the oscilloscope. The excitation laser fluence used in the
experiment was estimated to be 18 mJ/cm2.

In the experiment, data were acquired over 120 rotation steps with an angular interval of 3°,
covering the entire circle. Measured PA signals were averaged 300 times for each data
acquisition step to enhance the SNR. The reconstructed images of the two phantoms using a
back-projection algorithm [45] are shown in Figs. 5(b) and 5(d). Apparently, although not
visible to naked eyes, the three black rubber disks, and the two chicken gizzard cubes were
remarkably identifiable in the PAI images. The contrast-to-noise ratios (CNRs) of the black
rubber image and the chicken gizzard image were quantified to be 15.6 dB and 6.0 dB,
respectively.

V. Discussion

A. Acoustic Pressure, Particle Displacement and Particle Velocity

The three physical quantities, i.e., acoustic pressure, surface particle displacement and
surface particle velocity, are essentially interrelated. In the brain tumor boundary delineation
experiment, the measured maximum surface particle velocity was about 2.6 mm-s~1 [see Fig.
4(c)]. This value matches our estimation by calculating the initial PA pressure.

The optical density (OD) of the CB dye at a concentration of 10 mg/mL was measured to be
0.39 at 595 nm (OD = 0.39) for 1 cm optical path length. The equivalent optical absorption
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coefficient 44, = In 10 x OD ~ 0.9 cm™L. The estimated laser fluence Fused in the
experiment was approximately 24 mJ - cm™2 (F= 24 mJ - cm™2). According to these
assumptions, the specific optical absorption or energy density [46] is

Ae=p1, F ~ 21.6mJ - cm™*=21.6 x 10°Pa. (13)
The initial photoacoustic pressure is
po=I'(25°C)Ac ~ 2950Pa,  (14)

where the Grlineisen parameter I" of soft tissue approximately equals 0.1368 at 25°C [46].
Assuming ultrasound center frequency £, = 1 MHz (typical in the experiment), the
maximum surface particle velocity and displacement are estimated to be

bo _
Vmax =2 X - ~ 3.9mm - s 1,

(15)

Umax Po
5max: = ~ 0.62HH1,
2nfu w2 (16)

where the acoustic impedance of soft tissue Z= 1.5 x 10% Pa - s - m™! and the factor 2 in Eq.
(15) is due to the free boundary conditions [34]. Two meaningful conclusions can be drawn
from the results. First, the surface particle velocity and displacement in the experiment are
typically of the order of mm - s~} and sub-nanometer, respectively. Second, the estimated
particle velocity 3.9 mm - s71 is in good agreement with the experimental result 2.6 mm- s71,

B. Theoretical Limit of Detection Sensitivity

The sensitivity of the heterodyne interferometer is theoretically limited by the quantum noise
of the detector [47]. The minimum detectable particle displacement is defined when the SNR
is reduced to one, i.e., SNR = 1. According to the criterion, the minimum detectable particle
displacement [47] is

5mm:i (ﬁ) 2 (ﬂ) 1/231/2q
2m \n RP Y

where /1= 6.6 x 10734 J - s is the Planck constant, 7 is the quantum efficiency of the
detector, cis the speed of light, A is the wavelength of the laser, R is the reflectivity of the
sample surface, Pis the laser power, and B is the bandwidth of the ultrasound. Taking Egs.
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(17) and (2) into account, it is easy to find that the particle displacement &'is only ultrasound
bandwidth related, while the particle velocity v depends on both ultrasonic frequency £, and
bandwidth.

In extreme cases, for quantum efficiency n = 100%, surface reflectivity /= 100%, laser
wavelength A = 1550 nm, and laser power =10 mW, the bandwidth-dependent sensitivity
limit is

Omin —16 —1/2
B1/2~8.8x10 m - Hz " 19)

For ultrasound center frequency £, = 1 MHz and bandwidth B = 1.2 MHz (as in this case),
the theoretically minimum detectable surface particle displacement, particle velocity, and
acoustic pressure are

Smin=8.8 x 107 1m - Hz /2 x BY? ~ 0.96pm, (19)

Umin:27rfu5min ~ 60[1,111 ! Sil’ (20)

Pmin=2v/2~ 4.5Pa.  (21)

The minimum detectable pressure (810 Pa) quantified in our experiment is about 200 times
higher than the theoretical value (4.5 Pa).

C. Laser Safety

For the excitation laser, the laser fluence used in the brain tumor experiment was estimated
to be 24 mJ - cm™2 at 595 nm, which is slightly higher than the maximum permissible
exposure (MPE) of 20 mJ - cm™2 in the visible band according to the ANSI (American
National Standards Institute) safety limit [48]. This value could be reduced to comply with
the safety limit without seriously affecting the SNR. The laser fluence used in the PAT
experiment was estimated to be 18 mJ - cm=2 at 532 nm, which is below the MPE and
considered to be safe.

For the detection laser, the light source employed in the heterodyne interferometer is a 10
mW continuous wave (CW) laser working at 1550 nm. In the PAT experiment, for each
rotation step with 300 signal averages (30 seconds exposure duration for 10 Hz repetition
rate laser), the total amount of laser exposure is 2.0 x10* W - cm™2 [Al(rz2), P= 10 mW, r=
0.51 A/NA/2 = 4.0 um is the radius of the laser spot on the sample surface for NA = 0.1
objective], which is about five orders of magnitude higher than the MPE of 0.1 W - cm™2 at

IEEE Sens J. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian et al.

Page 11

1550 nm according to the ANSI safety standard [48]. Although the detection laser was
weakly focused onto the sample in the experiment, we here used the diffraction-limited laser
spot size for fluence estimation to ensure laser safety in practical experiment. The safety
issue could be solved by reducing the laser exposure time, which can be achieved by
employing a pulsed probe laser or modulating the continuous probe laser into a pulsed one
[32]-[34]. In this way, for single-shot measurements, the maximum permissible pulse
duration of the probe laser is 50 /5 [(z/2xMPE)/P, MPE = 1 J - cm~2 for exposure time
below 10 seconds], which gives sufficient time for PA signal acquisition. In other words, as
long as the laser pulse duration is less than 50 zs, the probe laser can be considered safe.

VI. Conclusion

In conclusion, we reported a study of achieving all-optical non-contact PAI by using a
commercially available heterodyne interferometer working at 1550 nm. The interferometer
remotely detects ultrasound-induced surface vibration without involving any physical
contact with the sample. The theoretically predicated and experimentally measured noise
equivalent detection limits of the interferometer were about 4.5 Pa and 810 Pa over 1.2 MHz
bandwidth. The relationship between acoustic pressure, surface particle displacement and
particle velocity were investigated. By using the interferometer, boundaries of an artificial
tumor in a pig brain were accurately delineated, and biological samples in an optically
scattering background were tomographically reconstructed, both in a non-contact manner.
The experimental results and the analyses from this study suggest that the heterodyne
interferometer offers a promising method to achieve non-contact PAI, which could be
potentially used in biomedical imaging.
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Fig. 1.
Schematic of the heterodyne interferometer (a), and in-phase and quadrature (1Q)
demodulation (b). BS: beam splitter, LO: local oscillator, LP: low-pass filtering.

IEEE Sens J. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tian et al.

Page 17

20 . . . 0
%
£

= 12
£ 0. 18
"E 8 -24
2 2
< =
> 0 =
% S -36
g =
o
Bl 48
@10 : % : 3 0.0 06 12 18
Time (us) Frequency (MHz)
(a) (b) (c)

Fig. 2.

Performance characterization of the heterodyne interferometer. (a) Photogram of a gel
phantom containing a 500-xm diameter microsphere as a point target. (b) Received PA

signal from the point object. (c) Calibrated receiving frequency response.
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Fig. 3.
Schematic of non-contact PAI of brain tumor.
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Fig. 4.

Nc?n—contact boundary delineation of an artificial brain tumor. (a) A top-view photograph
showing the exposed pig brain with the tumor (i.e., a gel block) embedded. A side-view
sketch showing the plane for the B-scan which was performed by a raster scan across the
tumor. (b) (left) A B-scan image of the brain tumor acquired in a non-contact manner. Red
and blue parts show positive and negative components of the measured velocity. (right) The
processed image after Hilbert transform (HT), where the volume of the tumor can be
recognized clearly. (c) One typical A-line signal of the tumor and its envelope. Horizontal
and vertical bars: 2 mm.
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Fig. 5.

Phantoms and imaging results: (a) and (b) cross section and reconstructed image of the
phantom with black rubber inclusions and (c) and (d) cross section and reconstructed image
of the phantom with the fat tissue (in the dashed circle) and the chicken gizzards. In the
experiment, the phantoms were covered with 3 mm thick optical scattering layers with 10%
intralipid.
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Schematic layout of the non-contact PAT.
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