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Flexible fiber-laser ultrasound sensor for
multiscale photoacoustic imaging

Bai-Ou Guan*, Long Jin, Jun Ma, Yizhi Liang and Xue Bai

Photoacoustic imaging (PAIl) is a noninvasive biomedical imaging technology capable of multiscale imaging of biological
samples from organs down to cells. Multiscale PAI requires different ultrasound transducers that are flat or focused be-
cause the current widely-used piezoelectric transducers are rigid and lack the flexibility to tune their spatial ultrasound re-
sponses. Inspired by the rapidly-developing flexible photonics, we exploited the inherent flexibility and low-loss features
of optical fibers to develop a flexible fiber-laser ultrasound sensor (FUS) for multiscale PAI. By simply bending the fiber
laser from straight to curved geometry, the spatial ultrasound response of the FUS can be tuned for both wide-view optic-
al-resolution photoacoustic microscopy at optical diffraction-limited depth (~1 mm) and photoacoustic computed tomo-
graphy at optical dissipation-limited depth of several centimeters. A radio-frequency demodulation was employed to get
the readout of the beat frequency variation of two orthogonal polarization modes in the FUS output, which ensures low-
noise and stable ultrasound detection. Compared to traditional piezoelectrical transducers with fixed ultrasound re-
sponses once manufactured, the flexible FUS provides the freedom to design multiscale PAI modalities including wear-
able microscope, intravascular endoscopy, and portable tomography system, which is attractive to fundamental biologic-
al/medical studies and clinical applications.

Keywords: flexible ultrasound transducer; fiber-laser ultrasound sensor; multiscale photoacoustic imaging; photoacoustic
microscopy; photoacoustic computed tomography

Guan BO, Jin L, Ma J, Liang YZ, Bai X. Flexible fiber-laser ultrasound sensor for multiscale photoacoustic imaging. Opto-Electron Adv
4, 200081 (2021).

Introduction spatial resolution is limited by the longer wavelength of

Biomedical imaging technology has revolutionized life the ultrasound than that of the light. In contrast, pho-

sciences and medical care by providing images with high toacoustic imaging (PAI) working in a hybrid mode,

Spatiotemporal reso]ution) deep penetration’ and rich With Optical excitation and ultrasound detection, Offers

contrast. In recent years, multiscale imaging has been
pursued to better understand physiological and patholo-
gical information in tissues of interest'. Among the
widely used imaging modalities, optical microscopy has
spatial resolutions at subcellular level but a shallow ima-
ging depth due to the optical scattering of biological tis-
sues. Ultrasonography employed less-scattering ultra-
sound to penetrate deep into human organs while the

the possibility to break the resolution-depth limit?>~. PAI
can be classified into two major representative categor-
ies: photoacoustic microscopy (PAM) and photoacous-
tic computed tomography (PACT). PAM utilizing con-
focal/loosely-focused excitation light and focused ultra-
sound detection can achieve an optical diffraction-lim-
ited spatial resolution®. And PACT employing diffusive
light illumination and unfocused ultrasound detection
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can achieve deep-tissue imaging with reconstruction al-
gorithms®. The two different categories for multiscale
imaging require flat or focused transducers with differ-
ent focal lengths to adapt to practical needs. Currently,
the widely used piezoelectric transducers are rigid and
their spatial ultrasound responses cannot be tailored
once manufactured.

Optical ultrasound sensors have compact sizes, broad
bandwidth and high sensitivity per unit area, opening up
new possibilities for the implementation of multiscale
PAT’-'°. Based on their configurations, optical ultra-
sound sensors can be classified into free-space sensors
and fiber/waveguide integrated sensors. Free-space
sensors rely on the detection of ultrasonically-induced
beam deflection’, surface displacement®, local reflective
index modulation’, laser speckle correlation change'’, or
intensity change associated with surface plasmon reson-
ance'!, Fresnel reflections> or 2D materials'®. These
sensors offer noninvasive ultrasound detection and po-
tential of integration with other interferometry-based
sensing and imaging modalities, such as optical coher-
ence tomography. The fiber/waveguide integrated
sensors are comprised of a high-Q optical resonator in
an optical fiber or a transparent substrate that is inter-
rogated by a bus waveguide'*~'®. These sensors can offer
much higher sensitivity per unit area/volume than piezo-
electric sensors and a bandwidth as large as hundreds of
megahertz. Their submicron dimension can also facilit-
ate the near-field ultrasound sensing and imaging".

In the 1970s, a fiber-optic sensor was developed to de-
tect underwater acoustic waves at audible frequencies for
defense applications?*?!. The acoustically induced optic-
al-phase change can accumulate over the entire fiber
length to yield a high sensitivity. An optical fiber is in-
herently sensitive to ultrasound waves at MHz frequen-
cies, which are of medical interest*>*. The ultrasonically
induced phase change has a frequency- and polarization-
dependent response. However, its application in ultra-
sound sensing and imaging was significantly hindered
because of the corresponding extremely short acoustic
wavelength. In many cases, the response is hardly detect-
able due to the weak interaction between the optical fiber
and the ultrasound waves. In the 1990s, fiber laser sens-
ing technology, which exploits a compact intra-core fiber
laser as a sensing element, was proposed and develop-
ed*. A laser cavity, typically several millimeters to centi-
meters long, contains a phase-shifted Bragg grating or a
grating pair that offers strong optical feedback. The high-

concentration rare-earth dopant can provide a suffi-
ciently high gain for laser emission. The acoustically in-
duced lasing frequency can be determined with interfer-
ometry. This approach offers a high sensing resolution
due to the narrow linewidth and high signal-to-noise ra-
tio of the laser output. The fiber-laser-based acoustic
sensor is advantageous because of its small size and in-
trinsic multiplexing capability.

In recent years, we have developed a fiber laser sens-
ing technology by exploiting the inter-polarization beat
note as the sensing signal®>?. By taking advantage of the
extremely narrow linewidth and the common-noise can-
cellation, the sensor presents the capability to detect
weak acoustic signals, particularly the ultrasound signals
at medical frequencies. Compared to the well-known in-
terferometry or high-Q cavity-based sensors, the fiber
laser sensor has an outstanding performance in sensitiv-
ity, bandwidth and stability. Inspired by the rapidly-de-
veloping flexible photonics, we have further exploited the
inherent flexibility and low-loss features of optical fibers
to develop a flexible fiber-laser ultrasound sensor (FUS)
for multiscale PAIL. By simply bending the fiber laser
from straight to curved geometry, the spatial ultrasound
response of the FUS can be tuned for PAM to realize mi-
crometer-scale resolution imaging at millimeters deep
and PACT to implement centimeter-deep macroscopic
imaging with tens of micrometers resolution. Compared
to traditional piezoelectrical transducers with fixed ultra-
sound response, the flexible FUS provides the freedom
for the design of multiscale photoacoustic imaging mod-
ality including wearable micro/mesoscope, intravascular
endoscopy, and photoacoustic tomography system.

Here, we report our progress in the development of
flexible fiber-laser-based ultrasound sensing technology
and its applications in multiscale photoacoustic imaging.
Section Interaction between ultrasound waves and an
optical fiber describes the principle of ultrasound inter-
action with an optical fiber, where both an exact scatter-
ing model and an equivalent spring-mass model are il-
lustrated. We particularly emphasize the principle of ul-
trasound sensitivity tuning by controlling the bending
curvature of the fiber sensor. Section Fiber-laser-based
ultrasound detection demonstrates the sensor configura-
tion and characterization. Section Photoacoustic micro-
scopy illustrates the optical-resolution, fast-scanning
photoacoustic microscopy process using a straight
sensor. Section Photoacoustic computed tomography
(PACT) shows the circular scanning and linear scanning
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PACT with a curved fiber-laser sensor with tunable fo-
cus. Finally, section Conclusion and outlook provides a
conclusion and discusses future developments and ap-
plications

of fiber-based photoacoustic imaging

technology.

Interaction between ultrasound waves and
an optical fiber

Scattering model
In acoustics, a bare optical fiber can be treated as a ho-
mogeneous elastic cylinder. The transverse profiles of
fiber vibrations can be calculated by solving the acoustic
wave equations?>?*?’. Briefly, the longitudinal and shear
waves in the optical fiber can be respectively expressed
by scalar and vectorial potentials written in the first-kind
Bessel functions. The eigenfrequency and the displace-
ment/stress profile of each mode can be solved with ma-
terial parameters including the density and acoustic velo-
cities of the silica glass as well as the free boundary con-
ditions. Among all the vibration modes, only the groups
with azimuthal mode indices =0 and 2 can effectively
cause an optical phase change based on the photoelastic
effect. The former group, denoted as Ro, modes, where n
represents the radial mode index, has axially symmetric
profiles with isotropic stresses at the fiber core. The lat-
ter group, denoted as torsional-radial TR,, modes, is a
hybridization of longitudinal and shear waves. They
compress and stretch the fiber core in the two orthogon-
al directions and induce a phase change with equal amp-
litudes but opposite signs (or 1 phase offset).

Exact calculation of the ultrasound response relies on
a scattering model. Here, the interaction between the ul-
trasound wave and the fiber is described as acoustic scat-
tering as a result of the difference in elastic properties.
This incident pressure wave excites a vibration mode in
the fiber, and the scattered wave varies the acoustic field
in the surrounding fluid medium. In this model, the in-
cident wave is decomposed as a linear summation of cyl-
indrical waves with =0, 1, 2... as input signals. The in-
duced amplitude and phase of the /=0 or 2 modes can be
respectively calculated by solving decoupled Helmholtz
equations in combination with continuity boundary con-
ditions. Figure 1(a) shows the example of TR;; and TRy,
vibration modes when subjected to normally incident
planar pressure waves at 22 and 39 MHz, respectively.
Despite the profile of the input acoustic waves, only the
cylindrical-wave component with [=2 is responsible for
the excitation of these vibrations. In ref.?, the frequency

https://doi.org/10.29026/0ea.2021.20008 1

response for both the x- and y-polarizations are plotted.
The individual peaks correspond to different vibration
modes. The calculated curves are determined by overlap-
ping the individual /=0 and 2 peaks. The scattering mod-
el can be extended to the case of oblique incidence. A full
description of the dependence on incidence angle has
been provided in ref.?.

An analogous spring-mass oscillator model

The acoustically induced response can be considered as
the weak mechanical resonance of the fiber, which is
dampened by the acoustic interaction between the fiber
and water. This response is analogous to a dampened
harmonic oscillator, for example, a spring-mass oscillat-
or, as shown in Fig. 1(b). In this model, the mass m is
tied to a spring with a HooKk’s coeftficient k. The vibra-
tion is driven by an external force f(t) and dampened
with a coefficient y. According to Newton’s second law,
the frequency response has a Lorentz profile
1/[i(wo—w)+woy]. The induced vibration can be charac-
terized by a central frequency at wo=(k/m)"? and a qual-
ity factor Q=(m-k)"?/y. Now consider the vibration of the
optical fiber immersed in water. In the two-dimensional
case, for simplicity, the eigenfrequency of a vibrational
mode is determined by the elastic and geometric para-
meters of the fiber, including the density, acoustic velo-
cities, and fiber diameter. Taking an ordinary 125-pm
silica optical fiber as an example, the vibrational frequen-
cies of the Rg; and TR;,; modes are approximately 29 and
22 MHz, respectively. Its vibration is driven by the ap-
plied ultrasound and dampened by the surrounding wa-
ter. The differences between the cylinder vibration and
the spring-mass oscillator are as follows: First, the cylin-
der vibrates in different modes, which can be denoted
with an azimuthal order [ and radial order n. Among all
the vibration modes of an optical fiber, the axially sym-
metrical modes (with [=0) and torsional-radial modes
(with [=2) can induce optical-phase changes. Second, the
frequency response of the cylinder vibration is expressed
by Bessel functions of k., where k, and r; denote the
acoustic wavenumber and radial position. Therefore, this
response somewhat deviates from the well-known
Lorentz curve.

Response of a straight fiber to a spherical pressure
wave

It is worth noting that the spherical ultrasound waves
generated by the individual absorbers are detected with
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Fig. 1| (a) The calculated deformations of the fiber surrounded by water in response to plane ultrasound waves. Left: TR21 mode at 22 MHz.

Right: TR22 mode at 39 MHz. Arrows: local displacement. (b) Analogous model of a spring-mass oscillator. (¢) Schematic of the phase cancela-

tion effect. (d) Frequency responses with different source-to-fiber distances.

PAL rather than the plane waves. Here, the acoustic re-
sponse of an ideal line detector to a spherical wave is dis-
cussed. As shown in Fig. 1(c), a point source S generates
an acoustic wave with a frequency f,. Suppose the acous-
tic wave is totally absorbed by the line detector placed at
a distance d. The acoustic pressure propagation can be
written as p(w, r)=exp(—ik,r)/r, where r=(d?+z?)'? is the
propagation distance, and z represents the longitudinal
position. The spherical wavefront arrives at the line de-
tector with different phases. The response of the line de-
tector can be expressed as an integration: R =
oo exp(—ik,7) .
) fdr. Figure 1(d) plots the frequency re-

— 00

sponse, exhibiting that a higher acoustic frequency leads
to a reduced sensitivity, which has a 1/f,'” variation, as a
result of the faster acoustic-phase oscillation along the
line detector and the stronger self-cancellation effect.
The response can be equivalently considered as an effect
of a uniform pressure peq=1/d (the amplitude at the posi-

tion facing the source z=0) with a length Ley. Based on
the deduction above, we can write the equivalent interac-
tion length as L., = 2.506/d/k,, which is ten to a hun-
dred times shorter than the sensitive region (typically 2 to
10 mm) of a fiber laser sensor?. For a 50-MHz spherical
ultrasound wave (wavelength: 30 pm; speed in water:
1500 m/s) with a source-detector distance d=500 pm, the
equivalent interaction length is Leg=122 um. Based on
the above analysis, we can find that a conventional inter-
ferometric sensor, which relies on a proportional sensit-
ivity to the fiber length, is not suitable to detect ultra-
sound waves with sub-mm wavelengths. To achieve a
high SNR, one should enhance the overlap between the
ultrasonic interaction region with the optical sensor.

Response of a curved fiber to a spherical pressure
wave
Compared with rigid piezoelectric transducers, optical
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fibers can be curved into different shapes thanks to the
great flexibility of the optical fiber in geometry. The
above analysis suggests that the variation in the acoustic
phase along with the fiber largely determines the sensit-
ivity and the frequency response. This implies a poten-
tial degree-of-freedom in the sensitivity enhancement by
bending the fiber to coincide with the spherical wave-
front”. Ultrasound focusing at a depth is achieved by
simply adjusting the bending curvature of a fiber sensor.
The capability of controlling the ultrasound sensitivity is
demonstrated by plotting the spatial sensitivity profile of
a straight and a curved fiber sensor with a curvature ra-
dius of 30 mm in Fig. 2. Both sensors are subjected to the
ultrasound field generated by a point ultrasound source S
at a position (x, y, z). The source emits spherical pres-
sure waves, with a pressure profile that can be described
as poexp(ik,r)/r, where py denotes the initial pressure
amplitude, k, = w/v, is the ultrasound wavenumber, v,

is the ultrasound velocity in the surrounding medium
and r = \/(x —x) 4+ (y—y) + (z—2) denotes the

source-detector distance. When spherical ultrasound

waves impinge on the sensor with an effective length of

L, the response of the fiber sensor can be obtained by

R, = TpA(w) [ S g 1)

L

r

10

X axis (mm)

<
/A
z axis (mm)

X axis (mm)

where I is a coefficient accounting for the absorption or
scattering experienced by the sound when traveling from
the source S to the fiber and A(w) is the normalized fre-
quency response of a straight fiber to plane ultrasound
waves. The fiber length L, defined as the ultrasound-
sensitive zone, is approximately equal to the cavity length
of the laser sensor. By varying the locations (x, y, z) of the
point source S, the three-dimensional spatial response to
ultrasound can be plotted, as shown in Fig. 2(b, ¢, ¢, f).
Figure 2(b, c) suggests the decaying sensitivity of the
straight sensor with increased source-detector distance,
described as the phase cancellation effect in the next Sec-
tion Fiber-laser-based ultrasound detection. By contrast,
the curved sensor has a significantly different sensitivity
profile, as shown in Fig. 2(e, f). It has maximal sensitivit-
ies to the acoustic sources around the focus spot (at x=30
mm) with a 5-fold enhancement, owing to the coincid-
ence between the spherical wavefront and the curved
sensor. Notably, the fiber sensor also has a large view
angle, yielding an extended field of view over the x-z
plane. Therefore, the focal length and the sensitivity pro-
file can be continuously adjusted by bending the fiber
sensor into different curvatures, which opens up the pos-
sibility of multi-depth imaging. Additionally, the fo-
cused acoustic beam has a width of approximately 500

pm in the z direction endowing the sensor with sectioning
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Fig. 2| (a, d) Schematics of a straight sensor and curved (bending radius R=30 mm) sensor subjected to a point ultrasound source. The dashed

curves show the acoustic phase variation along the fiber. (b—c) Calculated spatial sensitivities of a straight sensor in the x-z and x-y planes. (e—f)

Calculated spatial sensitivities of a curved sensor in the x-z and y-z planes. Figure reproduced with permission from ref.?°, Optical Society of

America.
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capability for PAIL

Fiber-laser-based ultrasound detection

The ultrasound sensing system

In recent years, ultrasound sensors based on optical res-
onance have been developed, including planar and fiber-
based Fabry-Perot sensors, in-fiber phase-shifted grat-
ings, and polymer microring resonators* . These
sensors can offer a high sensitivity and a wide detection
bandwidth. However, the stable sensor output relies on
the frequency locking of the probe light on the quadrat-
ure point. This feedback-based locking becomes very dif-
ficult for a resonator with a high-quality factor (or Q
factor), which hinders its application in PAM. A fiber
grating laser can be equivalently viewed as an active res-
onator, in which the cavity offers a gain instead of a loss.
It is a candidate for ultrasound detection because on the
one hand, the laser output has a 1/f noise spectrum, and
the noise level at MHz frequencies is extremely low, and
on the other hand, the measurement of the acoustically

H Polarization 980 nm ____

induced lasing-frequency change does not necessarily re-
quire frequency locking feedback. The heterodyning
fiber lasers, which have dual-polarization-mode output,
can output radio-frequency beat notes, whose frequency
can be read out with a commercial photodetector.

Notably, the dual-polarization operation is important
for ultrasound detection. For the /=2 vibration modes,
the x- and y-polarized modes present equal but opposite
refractive-index changes. This birefringence change can
be effectively measured by the laser sensor. By contrast,
these two modes have almost the same response to
thermal, vibrational and other low-frequency perturba-
tions. Therefore, common-mode noise cancelation can
ensure a high SNR for ultrasound detection.

Figure 3(a) schematically shows ultrasound detection
with a fiber-laser-based sensor®. The laser is fabricated
by inscribing two strong Bragg gratings in a rare-earth
co-doped fiber to form a Fabry-Perot cavity. The cavity
length is typically less than 8 mm to ensure a single lon-
gitudinal-mode output. The fiber laser operates at the

controller pump light Ultrasoun.qwave

Optical Signal light
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Fig. 3 | (a) Schematic of ultrasound detection by using a fiber-laser sensor.

W
AV
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(b) Unperturbed and ultrasonically perturbed beat signal output from

the sensor. Figure reproduced with permission from ref.?°, under a Creative Commons Attribution 4.0 International License.
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communication band and emits single-longitudinal-
mode outputs at both x- and y-polarizations. Because of
the weak birefringence of the optical fiber, the two polar-
ization modes have a small difference in the lasing fre-
quency, which generates a radio-frequency beat signal at
a photodiode detector. The beat frequency can be ex-
pressed by*
c
fe= nTAB ; )
where ¢ denotes the light speed in vacuum, ng represents
the refractive index of fiber silica, and A is the lasing
wavelength. The pressure wave can deform the fiber, in-
duce a birefringence change dB and modulate the beat
frequency, as shown in Fig. 3(b) and expressed as®
c
Jo = mdB . (3)
The acoustically modulated beat signal can be meas-
ured via I/Q demodulation. Briefly, the beat signal is
mixed with two quadrature radio frequency signals,
which have the same frequency and 90-degree phase oft-
set. After mixing, the two baseband signals I and Q are
used to recover the modulated signal. The phase inform-
ation can be extracted via ¢ = arctan(Q/I). The variation
in the frequency of the beat signal is then recovered by

HLO 3 4 Photoacoustic signal
H{ S Envelope of the signal
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taking the derivative of the phase.

Sensor characterization

Bandwidth

Figure 4(a, b) exhibits the temporal waveform and the
corresponding spectrum of the same photoacoustic sig-
nal. The central frequency of this mechanic mode is ~22
MHz, and the -6 dB bandwidth is ~70%. As described in
the previous Section Interaction between ultrasound
waves and an optical fiber, the central frequency de-
pends on the elastic properties of the fiberglass and the
diameter of the fiber (~125 um). The bandwidth is de-
termined by the difference in acoustic properties
between the fiber and the surrounding water. The work-
ing bandwidth can be extended by etching the fiber with
hydrofluoric acid. For example, a 65-um sensor provides
atwo-fold bandwidth extension, and the central fre-
quency shifts to approximately 40 MHz.

Noise-equivalent pressure
Figure 4(c) shows the measured SNR at different fiber-
laser powers with a fixed peak-to-peak acoustic pressure

of the incident planar ultrasound wave at 75.2 kPa. The

B
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Fig. 4 | (a) Temporal and (b) frequency response of the sensor. (c) Measured NEP as a function of input power at the photodetector. (d) Stability

test result by continuously measuring the photoacoustic signals from two discrete absorbers over 30 min. Figure reproduced with permission from

ref.?’, Optical Society of America.
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SNR is mainly limited by the noise figure of the photode-
tector. In the high-input-power regime, the dominant
noise source is the shot noise, and the SNR is approxim-
ately proportional to the square root of the optical
power. Therefore, the incident optical power is ampli-
fied with an erbium-doped fiber amplifier to have the
photodetector work in the shot noise limited region.
Eventually, saturation of the photodetector will limit op-
tical power. When the input power on the photodiode is
30 mW, the NEP is ~43.6 Pa with a 50-MHz acquisition
bandwidth’'. We found that the ultrasound sensitivity is
inversely proportional to the cavity length of the laser
sensor. Higher sensitivity can be achieved with shorter
lasers. However, the cavity can hardly lase with a length
less than 2 mm in a rare-earth doped silica fiber, due to
the limited doping concentration.

Stability
Figure 4(d) shows the stability test result of the sensor by
measuring the photoacoustic signals from two discrete
absorbers excited by using a linearly scanning pulsed
laser. The 30-min measurement results show no notice-
able variation in the sensitivity. We also observed that
even with vibration or temperature changes, the sensor
remains stable with high sensitivity. We even scanned
the fiber sensor back and forth with a maximum velocity
of 10 mm/s with respect to an ultrasound source and
found that the sensor can still maintain a stable output.
The good stability is also a result of the common noise
cancelation, taking advantage of the beat-note based de-
modulation. The acoustically induced lasing frequency
change can also be demodulated based on imbalanced
interferometry, but a servo loop for frequency locking is
needed.

The performances of the present sensor are compared
with the piezoelectric and optical ultrasound sensors in

Table 1. This sensor has comparable sensitivities to the
existing optical sensors. In addition, the sensor has
presented a great flexibility in sensor geometry, making
it suitable for both photoacoustic microscopy and com-
puted tomography. Notably, new microlasers have been
recently developed with biocompatible materials and can
even be implemented into human cells*>. This may open
up new possibilities for noncontact detection of pressure
and acoustic waves in the biological tissues, by using the
laser sensing technology.

Photoacoustic microscopy (PAM)

Photoacoustic microscopy (PAM) focuses a pulsed laser
beam on biological tissue and detects ultrasound waves
by using a coaligned focused piezoelectric transducer.
The scanning head raster scans over the plane orthogon-
al to the laser incidence direction to form a two-dimen-
sional image. Additionally, the depths of the absorbers
can be retrieved at acoustic resolution based on time-to-
space mapping, forming a three-dimensional image.
Despite its high spatial resolution and structural/func-
tional imaging capability, PAM is limited by the mechan-
ical scanning speed of the apparatus. A fast-scanning
PAM apparatus can be built by using a straight fiber-
laser-based ultrasound sensor, taking advantage of its
high sensitivity and large field-of-view (FOV). This sec-
tion reviews fiber-based PAM for in vivo structural and
functional imaging at a cellular resolution. Figure 5(a)
shows the schematic of the PAM apparatus. Here, the
fiber sensor remains stationary, while the optical beam is
scanned by using a galvanometric scanner in air to
achieve a high speed. A pulsed laser beam is focused on
the absorptive sample with an optical-diffraction-limited
spot size. The FOV is first characterized before in vivo
imaging. Figure 5(b) shows the measured field of view at
d=1 mm between the laser fiber sensor and a point-like

Table 1 | Comparison of piezoelectric and optical ultrasound transducers.

. Bandwidth NEP Demodulation Common

Sensor type Material L

(MHz) (mPa-Hz""2) method application
Spherically focused . .
Piezoelectric Piezoceramic 50 MHz 0.2 Voltage PAM
(Olympus V214)
transducer . .

Needle (Precision acoustics) PVDF N.R. 14.4 Voltage N.R.

Micro-ring'” Polystyrene 350 5.61 CW interferometry PAM

i PET/Parylene C SU8'® 20 44.7 CW interferometry PACT

Optical ultrasound Fabry-Pérot -
Epoxy'? 2.8 1.6 CW interferometry PAM
sensors

m-FBG Silica’™ 16 25 CW interferometry PAM

Present sensor Silica 18 10.6 Beat signal PAM/PACT

N.R.: not reported.
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photoacoustic source. The source is raster scanned with
respect to the laser fiber sensor in the x-y plane. The
sensitivity profile along the fiber direction is ~2 mm, de-
termined by the longitudinal intensity profile of the in-
tracavity light. The sensitivity profile normal to the fiber
direction, in contrast, depends on the radial orientation
of the fiber laser sensor in proportion to cos(20), where 6
represents the orientation angle with respect to one of
the fiber principal axes. The ultrasonic response reaches
its maximum in the fiber principle axis directions. The
full angle at half maximum is 60 degrees. As a result, the
effective field of view normal to the fiber direction scales
with distance d. The field of view (FOV) presents an ef-
fective area (at half maximum) of 1.57 mm? at d=1 mm
with a nearly elliptical profile.

Figure 5(c) shows the result of hemodynamic imaging,
with a scanning rate increased to 2 Hz and a FOV of
2x2 mm? °!. In the experiment, the laser has a typical
pulse energy of ~300 nJ, repetition rate of 160 kHz, and
pulse width of ~1.8 ns. The B-scan rate is 400 Hz. Each
volumetric image has 200x200 A-lines. The step size in
the lateral direction is 10 pm. The high imaging speed
enables recording blood flow in both trunk vessels and
capillaries. The highest measurable flow speed is 4 mm/s
in the transverse plane. Figure 5(d) shows three consec-
utive snapshots with a time interval of 0.5 seconds. We
can see a negative contrast feature flowing in the blood
vessel. Based on this imaging capability, the flow velocit-
ies in the individual vessels and capillaries can be
quantified.

Imaging of oxygen saturation (sO;) can provide in-

H 532 nm laser py

|
L L

2D galvanometric
A)

scanner
DAQ |
) < L
Signal i
[PD] light
o
Optical — e
filter Pump

light

Sample

valuable information on the functionality and metabol-
ism of living tissues. An sO, map describes the processes
of oxygen transport and consumption in biological tis-
sues, based on which the functionality of the cardiovas-
cular system can be evaluated. Brain functional imaging
can be performed with the fiber-laser-based PAM appar-
atus paired with a multiwavelength laser source. A dual-
or multiwavelength source can be built based on stimu-
lated Raman scattering (SBS). Briefly, a nanosecond 532-
nm laser is split into two beams, one of which is injected
into a high-nonlinearity fiber to generate a 558-nm com-
ponent via SBS (as the second-order Stokes wave). The
other beam transmits through a large-mode-area fiber
for time delay without wavelength transition. These two
beams are then coupled back into a common fiber and
focused on the biological tissue to generate pulse trains
with a controllable time interval. The optical absorption
of blood at the visible band comes from the mixture of
HbR and HbO,, whose concentrations are denoted as
Cubr and Cupoa, respectively. The oxygen saturation is
defined as the ratio between them, expressed as
$O2=Ctb02/ (Crbo2+Crbr)- Assuming that the amp-
litude of the photoacoustic signal is proportional to the
absorption coefficient, we can write®*3*

{ ko, K } [ Citvo, ] _ { PAss, } @

kgjl?lboz késl?lboz Cupr PAsss

where PAsj3; and PAssg represent the photoacoustic amp-
litudes excited by the dual-color laser pulses. The ele-
ments in the 2-by-2 matrix denote the molar absorption

coefficients, showing the difference in the absorption

Fig. 5 | (a) Schematic of a fiber-based PAM apparatus. (b) Schematic (left) and result (right) of the field-of-view measurement. (c) PAM result of a

mouse ear that contains branches of blood vessels and capillaries. (d) Three consecutive snapshots showing the blood flow in the mouse ear.

(e) Hemoglobin concentration image of a mouse brain obtained with a 532 nm pulse laser. (f) Oxygen saturation images enabled by a dual-

wavelength laser source® 3,
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spectrum between HbR and HbO,;. The sO; value at each
pixel can be derived with the measured photoacoustic
amplitudes and the given coefficient matrix. Figure 5(e)
shows the cortex blood vessels obtained with a single
wavelength laser. In contrast, an sO, image can be ob-
tained by performing spectral unmixing based on Eq. (4)
at each position, as shown in Fig. 5(f). The oxygen satur-
ation levels are represented in different colors, and we
are capable of distinguishing the pile surface arteries
(red) and veins (yellow).

By controlling the time delay of the ultrasonically
modulated laser light, a photoacoustic signal can be
measured multiple times to enhance the signal-to-noise
ratio®. The schematic of signal averaging is shown in Fig.
6(a). The laser light that carries the ultrasound modula-
tion is chopped to remain a time window by using an op-
tical switch and then delayed by three-staged cascaded
differential delay lines to be duplicated into 8 copies.
Each copy is optically amplified and sequentially meas-

ured with one photodetector, as shown in Fig. 6(b). Each
measurement consists of independent random noises
from the detection systems. After averaging the digitized
signals, the noise from the detection system is reduced by
64%, and the total noise is suppressed by 40%. Figure
6(c) shows a background noise reduction of 3.5 dB with
optical-resolution PAM with signal-averaging treatment.
Figure 6(d) shows the results before and after perform-
ing the averaging method. The vessels and capillaries are
more clearly resolved as a result of SNR enhancement.
Such signal duplication and delay can hardly be per-
formed with piezoelectric transducers but can be con-
veniently performed with an optical fiber link with a

minimal loss in SNR.

Photoacoustic computed tomography
(PACT)

The straight sensor showed great potential for in vivo

OR-PAM imaging of vasculature in mouse ears. As the
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Fig. 6 | (a) The optical signal duplication system. The ultrasonically modulated laser light is duplicated into 8 copies. (b) Demodulated ultrasound

signals of the 8 copies. (c) B-scan signals before and after signal averaging, showing a 3.5 dB reduction in the background noise. (d) In vivo

PAM results before and after signal averaging. The visibility has been effectively enhanced by the signal averaging method. Figure reproduced

with permission from ref.®5, Optical Society of America.
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sensor sensitivity decayed with increasing working dis-
tance, the mouse ear needed to be placed close to the
fiber surface during the imaging process. This phe-
nomenon results from the wavelength-scale equivalent
interaction length of a straight fiber for spherical ultra-
sound waves and limits the potential for deep tissue ima-
ging. This issue was addressed by bending the fiber to
realize lens-free focused ultrasound sensor with greatly
increased sensitivity at long working distance. The focus
capability was obtained by simply bending the straight
FUS along its axial direction to conform the spherical
wavefront of ultrasound. At a curvature radius of 30 mm,
the focused FUS showed a ~5 times higher sensitivity
compared with the straight one, and was demonstrated
for in vivo PACT imaging of a zebrafish and a mouse
brain, as shown in Fig. 7.

The imaging was performed in a rotary-scanning
manner, as shown in Fig. 7(a)*. A curved sensor with a
curvature radius of 30 mm was scanned with a rotary
motor with an angular step of 0.36 degrees. The laser
pulses were uniformly dispersed and projected on the
biological tissue. The width of the FOV was estimated to
be 7.7 mm, and the in-plane spatial resolution was ap-
proximately 70 um. Figure 7(b) shows the imaging result
of a 25-day-postfertilization zebrafish, which clearly
shows features such as internal organ boundaries. Figure
7(c) shows the 2D photoacoustic image of the brain of an
anesthetized mouse. The mouse was shaved and held be-
neath the water tank, as shown in Fig. 7(a). Ultrasound
gel was applied between the intact scalp and the covered

532 nm
laser

3 ~ ] Diffuser

Anesthetic gas

https://doi.org/10.29026/0ea.2021.20008 1

plastic film. The main blood vessels in the cortex were
clearly resolved. In contrast to traditional PZTs, the pro-
posed focused fiber ultrasound sensor is lens-free, optic-
al transparent and focus-tunable, making it promising
for PA imaging in biological/medical studies as well as
clinical applications.

By designing a focus-tuning holder, we further ex-
ploits the flexibility of optical fiber to dynamically tune
the focus of the sensor by bending the fiber into differ-
ent curvature radii for multi-depth imaging. The small
diameter of the fiber laser also provides a wide accept-
ance angle and the focusing capability in elevational dir-
ection for high-resolution cross section imaging, making
the focused fiber laser an ideal candidate for developing a
high-resolution linear-scanning PACT system, which al-
lows easy access to patient body trunks and high compat-
ibility with handheld ultrasound probes for preclinical
and clinical applications. Figure 8(a) shows the photo-
graph of the customized holder, which can continuously
tune the focal depth of the sensor from 22 to 50 mm by
simply moving the slide block. Bending the fiber can in-
duce a shift in the carrier frequency of the fiber sensor,
but the signal-to-noise ratio is hardly changed. To real-
ize a 2D PACT, the curved fiber laser is kept in the y-z
plane, and the holder is scanned by using a motor-driv-
en translation stage in the x direction, as shown in Fig.
8(b). The biological sample is illuminated by using a 532-
nm pulsed laser with an expanded beam aperture. The
optically induced ultrasound waves are detected at each
scanning position and then reconstructed based on the

Wy CwioN

I
-

‘WY “WION

Fig. 7 | (a) Schematic of a rotary-scanning PACT with the fiber laser sensor. Photoacoustic images of (b) a zebrafish and (¢) a mouse brain. SB:

swim bladder; SC: spinal cord; AF: anal fin; CV: cortical vessels; SSS: superior sagittal sinus; ICV: inferior cerebral vein. Figure reproduced with

permission from ref.?°, Optical Society of America.
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Fig. 8 | (a) Photograph of the holder for adjusting the bending curvature of the sensor. (b) Schematic of the multidepth PACT. (c) Photoacoustic

images of human hairs at different depths in the x-z plane. (d) In vivo photoacoustic image of the abdominal subcutaneous vasculature of a rat.

(e) Photograph of the rat with the fur removed before imaging. The red dashed box in (e) corresponds to the green box in (d). The yellow dashed

line in (e) corresponds to the white dashed line in (d). Figure reproduced with permission from ref.%, AIP Publishing.

back-projection algorithm. The multi-depth imaging
capability was verified by imaging a group of human
hairs parallelly aligned with a spacing of 3 mm along the
z axis in a block of agar, as shown in Fig. 8(c). The capab-
ility of high-resolution small-animal PACT was studied
by imaging the abdominal subcutaneous vasculature of a
rat (Sprague-Dawley; weight: 150 g) anesthetized with
1.5% isoflurane. The radiant exposure was 3 m]J/cm?
much lower than the ANSI limit. Figure 8(d) shows the
maximum amplitude projection image of rat vasculature
ina 12 mmx20 mm area, in accordance with the photo-
graph in Fig. 8(e). The in-plane spatial resolution was
characterized as 150 pmx80 pm, determined by the
bandwidth and the angle-of-view of the fiber laser
sensor. The high resolution of the system allows clear ob-
servation of vessels with diameters varying from 90 to
400 pm. It is worth to note that the current radiant ex-
posure is ~ 7 times lower than the ANSI limit. A high-

power pulsed laser at near infrared wavelength could be

employed for high-contrast, high-penetration 3D in vivo

imaging in the future.

Conclusion and outlook

In conclusion, we have developed an ultrasound sensing
technology based on a flexible FUS. The ultrasound pres-
sure is detected by reading out the beat frequency at ra-
dio frequencies. The sensor presents outstanding per-
formance in sensitivity, bandwidth and stability. More
importantly, the spatial ultrasound response can be
freely tuned by simply bending the fiber enabling
multiscale PAI with a single fiber laser sensor. Based on
this unique flexibility of the sensor, multiscale pho-
toacoustic imaging including micro-scale resolution
PAM and deep-tissue PACT have been demonstrated for
in vivo small animals imaging. The in vivo imaging res-
ults suggest that the fiber-laser based photoacoustic ima-
ging is promising to the development of various modalit-

ies including PA microscopy, endoscopy and tomography
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for both life science research and medical diagnostics.
The potential future developments and applications of
fiber-based photoacoustic imaging technology are
provided as following:

Firstly, the fiber laser sensor may enable miniature
head-mounted microscopy for brain activity monitoring.
Two- or multiphoton microscopes have been developed
with an all-fiber configuration. These microscopes can
resolve single neurons in response to a stimulus.
However, the field of view is rather limited. Small PAM
apparatus has been created with a small piezoelectric
transducer, but the weight is typically above 20 grams,
which is hardly bearable for small animals. Fiber-laser-
based PAM can offer a possible strategy of using a light-
weight head-mounted microscope to monitor brain
activities based on neurovascular couplings.

Secondly, an all-fiber photoacoustic endoscopy can be
achieved with the sensor, equipped with another fiber for
the guidance of excitation light pulses. The development
of photoacoustic endoscopy is currently limited by the
tradeoff between device size and imaging performance,
such as sensitivity and spatial resolution. The fiber laser
sensor inherently offers a side-view detection with high
sensitivity, making it suitable for the miniaturization of
endoscopy.

Finally, flexible PACT can be integrated to hand-held
scanners for the cancer screening in preclinical/clinical
applications. To increase the imaging speed of our previ-
ously reported FUS-based PACT, a fiber laser sensor ar-
ray with multiple parallel elements can be built consider-
ing the intrinsic wavelength multiplexing capability of
optical fibers. Specifically for the FUS, frequency and
time multiplexing techniques are preferred to form a
large-scale sensor array with a single RF demodulation
unit. Such a system would not only speed up the ima-
ging process but also significantly reduce the cost for

preclinical/clinical applications.
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