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A B S T R A C T   

In our previous study, we demonstrated the feasibility of using an all-optical interstitial photoacoustic (PA) 
needle sensing probe for quantitative study of tissue architectures with PA spectral analysis (PASA). In this work, 
we integrated the optical components into an 18 G steel needle sheath for clinical translation. The dimensions of 
the needle probe are identical to those of a core biopsy probe and are fully compatible with standard procedures 
such as prostate biopsy. To our knowledge, this is the first interstitial PA probe that can acquire signals with 
sufficient temporal length for statistics-based PASA. We treated the inner surface of the steel needle sheath and 
successfully suppressed the vibrational PA signals generated at the surface. Purposed at boosting the measure
ment sensitivity and extending sensing volume, we upgraded the Fabry-Pérot hydrophone with a plano-concave 
structure. The performance of the translational needle PA sensing probe was examined with phantoms containing 
microspheres. The trend of the linear spectral slopes shows negatively correlated to the microsphere dimensions 
while the midband-fits are positively correlated to microsphere diameters and concentrations. The PASA 
quantifications show the ability to differentiate microspheres with varied dimensions.   

1. Introduction 

Microscopic tissue architecture is a critical component in the path
ological diagnosis of diseases [1]. The standard procedure for accessing 
tissue microarchitecture is core biopsy followed by histopathology [2, 
3]. However, biopsy is invasive and is frequently accompanied with 
complications, and the histopathology of the extracted tissue samples is 
time and effort demanding [4]. Photoacoustic (PA) imaging, taking 
advantage of the unique optical absorption spectra of individual tissue 
components, and the ultrasonics resolution and penetration, has 
demonstrated the capability in resolving tissue architectures formed by 
tissue components such as hemoglobin, lipid, and collagen [5–9]. 

PA spectral analysis (PASA), recently investigated by a few research 
groups including us, has achieved quantification of tissue micro
architectures without tissue extraction [10–19]. During PASA, the 
power spectrum of PA signals is calculated and fitted to a linear function. 
The slope of the linear function represents the relative magnitude of the 
high frequency signal components compared with that of the low fre
quency ones, which is correlated with the dimensions of the tissue 

architectures generating the PA signals. And the overall magnitude of 
the linear-fit represents the concentration of the targeted tissue 
component within the assessed volume. PASA has successfully quanti
fied tissue architectures formed by nucleic acid, hemoglobin, lipid and 
collagen, taking advantage of their unique optical absorption at the 
optical wavelengths of 266 nm, 800 nm, 1220 nm and 1370 nm, 
respectively. 

PASA requires extensive signal length in time domain and spectral 
bandwidth in frequency domain for reliable statistical analysis. Pur
posed at avoiding attenuation to the PA signals along the propagation 
path, we developed an interstitial measurement approach [12,19]. 
Instead of acquiring 2-D or 3-D images using an ultrasound transducer 
array positioned far from the region of interest (ROI), a needle probe was 
inserted into the ROI. The needle probe consists of a fiber-optic diffuser 
for illuminating a large tissue volume and a needle hydrophone for 
capturing the broadband PA signals. We iterated through a few pro
totypes of the needle probe, from a large-diameter design combining 
manually polished optical fiber and piezo-electric needle hydrophones, 
to a slim all-optical design integrating fiber-optic diffuser with 
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controlled etching and microfabricated Fabry-P é rot fiber-optic hy
drophone. The performance of the needle was examined with rodent 
prostates in vivo [11] and canine and human prostates ex vivo [11,14]. 
The results of these studies show promise of the technology in quanti
fying the architectural changes during the progression of the prostate 
cancer [12,14,19]. Currently a large majority of biopsy cores from the 
prostates are normal tissue. However, clinicians only need to sample the 
most aggressive location to make a clinical decision. The ultimate 
application of this proposed needle probe in prostate cancer diagnosis is 
to 1) locate the aggressive cancer location without tissue extraction; and 
2) guide biopsy extraction only in the aggressive region for confirmed 
pathology. The needle will be used in a multiple insertion approach. 
Although the optical and acoustic attenuations from the sensing volume 
are intertwined in a 1-D measurement, the insertions close or within the 
tumor region will produce quantitative measurements with strongest 
indication of cancer [20]. With such a localization approach, biopsy core 
extractions only need to be performed at limited locations. 

Purposed at translating the technology to clinics, the miniaturization 
and integration of PA measurement components into a standard clinical 
needle is necessary. As mentioned above, the prototype needle PA 
probes were mostly validated in detecting prostate cancer [12,14,19]. 
This study focuses on integrating the PA measurement components into 
a needle sheath that is compatible with prostate biopsy procedure. 
Several requirements and limitations need to be considered. 1) The 
acoustic detector needs to fit into a needle with dimensions of a standard 
18 G biopsy needle, which we have achieved by using a fiber-optic hy
drophone in a previous study [19]. 2) The hydrophone should have high 
sensitivity despite the small sensing element. 3) Broad frequency 

bandwidth (~20 MHz) is necessary for resolving fine microscopic ar
chitectures in tissue. 4) The delivery of PA illumination needs to be 
maximized to enhance signal intensity. 5) PA signals generated by the 
needle sheath should be minimized to ensure sufficient signal-to-noise 
ratio (SNR). 6) A large effective measurement volume is desired, 
which is determined by the illumination and signal detection sensitivity 
in combination. To address the issues, we upgraded the commercial 
planar fiber-optic hydrophone to a plano-concave design. The micro
fabrication process was fully in-house following the procedures estab
lished in a pioneering study [21]. With a geometry that provides better 
quality factor and wider receiving angle, the plano-concave fiber-optic 
hydrophone substantially increases the sensing volume of the needle PA 
probe. In addition, we treated the inner surface of needle sheath with 
polymer and gold coating to minimize PA signal generation at the sur
face and maximize the illumination delivery efficiency. 

The translational needle PA probes were examined with phantoms 
including microspheres with controlled concentrations and dimensions. 
The PASA quantifications of the acquired signals show the ability to 
differentiate microspheres with varied dimensions. The trend of the 
linear spectral slopes and midband-fits of different microsphere di
ameters and concentrations quantified from the measurements by the 
translational needle PA probe matched with our previous results [15]. 

2. Materials and methods 

2.1. Overview of needle PA sensing probe 

Fig. 1(a) depicts the overview of the translational PA system 

Fig. 1. Overview of the needle PA probe system. (a) The experimental setup of the PASA needle probe system. (b) The sketch of the needle probe. (c) The PA signal in 
time domain. (d) The PA spectrum and the quantitative PASA quantifications. 
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including the needle probe, composed of a fiber-optic hydrophone, a 
fiber-optic diffuser and the needle sheath, the excitation laser, the fiber- 
optic hydrophone data acquisition system, the oscilloscope and a com
puter. The detailed sketch of the needle probe is shown in Fig. 1(b). A 
fiber-optic hydrophone and a fiber-optic diffuser were integrated into a 
200-mm long, 18-gauge needle sheath with an outer diameter of 
1.27 mm and an inner diameter of 0.84 mm, and a cutout of 
12 mm × 1 mm for exposing the optical components. 

The photoacoustic illumination was achieved by the excitation laser 
and the fiber-optic diffuser. The output of a pulsed Nd:YAG laser 
(532 nm, 5–7 ns pulse width, 10 Hz repetition rate, Q-smart, Quantel, 
France) was coupled into the fiber-optic diffuser. 532 nm laser has stable 
output, which helps reducing uncertainties during this study on the 
performance of our new device. The fiber-optic diffuser was fabricated 
by dipping the emission end of an optical fiber into Hydrofluoric acid 
≤48 % (HF, Sigma-Aldrich, Cleveland, OH) at a rate of approximately 
0.55 µm per second [22]. At the end of the fabrication procedure, the 
emission end of the optical fiber is etched into a conical shape with a 
length of 6 mm and only emits illumination in the azimuthal dimension 
of the fiber. The optical density at the emission surface is controlled 
below 2 mJ to ensure the output from the cutout window is under 
20 mJ/cm2 to meet the safety limit established by American National 
Standard Institute (ANSI). 

The PA signal detection was achieved by a fiber-optic hydrophone 
and a data acquisition system (PrecisionAcoustics, UK). For the fiber- 
optic hydrophone, a Fabry-P é rot (F-P) structure was fabricated on 
the tip of a 125 µm optical fiber, where two mirrors sandwiched a 
flexible polymer layer. The fabrication of the fiber-optic hydrophone is 
described in detail in the next section. The other end of the optical fiber 
was coupled to the data acquisition system, where a tunable 

interrogation laser operated near 1550 nm. Due to the resonant feature 
of F-P structure, reflectivity can rapidly change as the thickness of the 
polymer varies with the acoustic vibration at the resonant optical 
wavelength. The reflected laser power acquired by the fiber-optic hy
drophone was digitized by an oscilloscope (MDO3000, Tektronix, TX) as 
a measurement of PA signals, as shown in Fig. 1(c). The signals were 
then sent into a computer for PASA. Fig. 1(d) illustrates the PASA 
method. During PASA the signal power spectra within a frequency- 
range-of-interest is fit to a linear model, which captures the descend
ing trend of the spectral magnitude as the frequency increases. Midband- 
fit is quantified as the magnitude of the linear fit at the middle of the 
fitting range. Therefore, midband-fit is a representation of the overall 
volume or concentration in unit volume of optical absorbing materials. 
In contrast, slope represents the relative magnitude of the high fre
quency signals components to the low ones. Slopes are mostly related to 
the dimensions of the optical absorbers instead of the total volume. 

2.2. Fiber-optic hydrophone 

2.2.1. Fabrication of the fiber-optic hydrophone 
In our previous studies, we investigated an all-optical design for the 

needle PA sensing probe using commercially available fiber-optic hy
drophones with planar F-P structures (Precision Acoustics, UK) [23,24]. 
In this study, we improved the performance of the all-optical needle PA 
probe using a fiber-optic hydrophone with a plano-concave F-P struc
ture. We developed protocols for fabricating both the planar and 
plano-concave hydrophones in-house following the procedures 
described in [21,25]. Fig. 2(a) shows the structures of the two hydro
phones. As illustrated in Fig. 2(a), compared to the planar design, the 
concave reflection surface in the plano-concave structure avoids optical 

Fig. 2. Fabrication and characterization of the fiber-optic hydrophones. (a) The structures of planar and plano-concave fiber hydrophones. (b) Fabrication process of 
the fiber-optic hydrophone. (i) M1 deposition with Ag; (ii) Polymer layer by dip coating with U-V polymer; (iii) UV curing; (iv) M2 deposition with Au; (v) Protection 
layer coating. (c) Setup for quality (Q) factor measurement. (d) Setup of pulse response test of the fiber-optic hydrophone. (e) Setup of sensing directivity test of the 
fiber hydrophones. P-C: plano-concave, M: mirror, P: polymer, PL: protection layer, F-P: Fabry-P é rot, PD: photodetector, FOH: fiber-optic hydrophone. 
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loss due to beam walk-off issue, and thus enhances sensitivity and lowers 
the noise-equivalent-pressure (NEP). The concave surface also allows for 
a wider reception angle, which will be shown in the results section. 

Planar F-P structure has two flat mirrors and a spacer between them. 
The first mirror is a 20-nm Ag film deposited on the tip of a 125-µm 
single mode fiber (P3-SMF28Y-FC-5, Thorlabs, NJ) using evaporation 
process (EvoVac, Angstrom Engineering, USA). The spacer is a 10-µm 
parylene layer deposited through physical vapor deposition (PDS 
2035CR, Specialty Coating Systems, USA). The second mirror is a 
100 nm Au film also deposited using evaporation process. 

For the plano-concave structure, the fabrication procedure is based 
on the procedures described [21]. We developed our own fabrication 
protocol, as depicted in Fig. 2(b). A layer of 20-mm Ag was deposited on 
the cleaved fiber tip as first mirror (M1) (i). Then, the optical fiber was 
dipped into UV-polymer liquid (NOA61, Norland Optical Adhesive) and 
pulled out, forming a dome shaped polymer layer (ii). After curing by UV 
light (iii), another layer of 100-nm gold layer was deposited on top of the 
domed spacer surface, forming the second concave mirror (M2) (iv). 
Both the planar and the plano-concave F-P structures were packaged by 
depositing 5 µm parylene as a protection layer (PL) (v). 

2.2.2. Characterization of the fiber-optic hydrophone 
The fabricated hydrophones were first tested for their quality (Q) 

factor with the setup shown in Fig. 2(c). A tunable laser (Velocity 
TLB6728, Newfocus, USA) was directed into a 2 × 2 50:50 fiber coupler 
(TN1550R5A2, Thorlabs). The laser energy coupled into the fiber hy
drophone was monitored by a photodetector (PD1). The light reflected 
from the fiber hydrophone was recorded by another photodetector 
(PD2). The reflectivity spectrum was then obtained by dividing the 
readings from PD2 with the readings from PD1 and normalized by the 
maximum reflectivity. With the reflectivity spectrum, the Q factor was 
quantified as the ratio of central wavelength and the full-width at half 
maximum of the reflectivity dip. Larger Q factor indicates lower NEP 
and better sensitivity. 

Next, the impulse response of the fiber hydrophone was tested and 
the setup is illustrated in Fig. 2(d). The fiber-optic hydrophone was 
positioned 1 mm away from and perpendicular to the surface of a piece 
of black tape. Both tape and the hydrophone were submerged into water. 
PA signals were generated by the previously mentioned 532 nm laser. 
Considering the high optical absorption of the black tape, optical energy 
can barely penetrate into the tape. Therefore, PA signal is only generated 
at the surface and can be considered as a narrow impulse to the fiber- 
optic hydrophone with a broad frequency bandwidth. The impulse re
sponses of both planar and plano-concave hydrophones were acquired at 
a sampling rate of 250 MHz. The noise-equivalent pressure of the plano- 
concave fiber-optic hydrophone is also quantified by applying ~ 50 kPa 
pressure at 10 MHz with US transducer (A312S-SU, Olympus) pre- 
calibrated by a hydrophone (HNC-1500, ONDA). 

Finally, the directivity of fiber hydrophone was quantified. As shown 
in Fig. 2(e), a 10 MHz ultrasound transducer (V317, Olympus, Center 

Valley, PA) is fixed in a water tank. The fiber hydrophone was mounted 
on a rotational stage, facing toward the transducer. The fiber hydro
phone swept from − 90 degree to + 90 degree relative to the transducer 
and the maximum signal magnitudes were plot as a function of the 
receiving angles. 

2.3. Needle sheath design and optimization 

Fig. 3(a) shows the sketch of the needle sheath with (i) cross-section 
and (ii) side views. As discussed in Section 2.1, the needle sheath has a 
cutout for exposing the optical components of the needle PA probe 
(10 mm × 1 mm). Purposed at minimizing the PA signals generated at 
the inner surface of the needle sheath, a reflection surface was fabri
cated. The inner wall of the needle at the cutout was dispensed with 
0.5 μL of 90 ◦C polymer layer (NOA61, Norland Optical Adhesive, USA). 
Due to low surface tension at high temperature, the UV polymer will 
form a ~100 µm thick polymer layer that produces a smooth surface. 
The polymer was then cured under UV light for 15 min and a 100-nm 
gold film was deposited on the polymer surface, forming a mirror with 
96 % reflectivity. Because of gravity, the polymer layer and the gold 
coating are flat, as illustrated in Fig. 3(a). Such design minimizes the PA 
signals generated at the inner wall of the needle and maximizes the 
optical energy delivered into the assessed volume [26]. The relative 
positions of the fiber-optic diffuser, the fiber-optic hydrophone and the 
cutout on the needle are fixed using medical grade silicone glue (Mas
terSil 151Med, Masterbond, Hackensack, NJ). The thin layer of silicone 
glue avoids the contact between the microfabricated components and 
the human tissue. 

2.4. Fiber needle system characterization 

Firstly, we tested the effects of the needle sheath treatment on the 
measurement noise. The total noise level (nt) of the measurement can be 
expressed as nt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2

v + n2
s

√
[27], where nv is vibrational noise, i.e. the 

PA signals generated at the needle sheath inner surface by the diffusive 
illumination, and ns is the system noise caused by laser fluctuation and 
electronic noises, etc. It is worth noting that nv is from the vibration of 
the needle sheath and cannot be eliminated by purely optimizing the 
hydrophone design. To characterize nv, needle PA probes with three 
configurations were tested, including 1) untreated needle sheath inner 
surface; 2) polished needle sheath inner surface with gold coating; and 
3) needle sheath inner surface with gold coating on top of a smoothened 
polymer layer. 

The output of the above-mentioned 532 nm laser was collimated and 
delivered to the coupling end of the illumination fiber. The output op
tical density from the needle PA system was 3 mJ/cm2. The probes were 
immersed in water. Measurements were acquired with sampling rate of 
250 MHz with no average and the first 20 μs of the signal was recorded. 
Since no optical absorbing object was placed in the detection regime, the 
recorded data were purely noise. By taking the root mean square of the 

Fig. 3. Design of the needle probe and setups for performance characterization. (a) sketch of the PASA probe with (i) cross-section and (ii) side view. (b) Setup for 
characterizing the sensing volume of the PASA needle probe. (c) A picture of a microsphere phantom for testing the needle probe. FOH: fiber-optic hydrophone, FOD: 
fiber-optic diffuser. (d) Representative PA signals. (e) PA power spectrum and illustration of PASA. 
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data, nt can be obtained. Because of the relative positions of the needle 
sheath and the sensing fiber, nv only appeared in the first 8 μs (i.e. the 
length of the cutout window, 10 mm) and ns was the only noise source 
from 8 μs to 20 μs. Therefore, ns can be obtained by taking nt from 8 to 
20 μs and nv can be acquired by taking 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2

t − n2
s

√
from 0 to 8 μs. 

Next, we tested the sensing volume of the needle PA probe. In this 
experiment, both planar hydrophone and plano-concave fiber hydro
phone were examined for comparison. The setup is illustrated in Fig. 3 
(b). An 800-μm microsphere (UVPMS-BV, Fisher scientific LLC., Santa 
Barbara, California) was fixed at the tip of a positioning fiber. The PA 
needle probe was mounted on a 3D stage. Both the needle probe and the 
microsphere were submerged in water. The same optical energy and 
data acquisition settings were used except that each measurement was 
averaged 64 times. The probe was moved at step size 0.5 mm and PA 
signals were obtained at every scanning step. SNR were quantified as the 
ratio of the peak-to-peak value of the PA signal from the microsphere 
over that of the background noise. The collected data were then pre
sented in a 3D SNR map. The detection volume of the needle probe was 
defined as the spatial range where SNR is larger than 1. 

2.5. PASA study of microsphere phantom 

The needle probe was then tested in generating reliable measure
ments for PASA. As shown in Fig. 3(c), cylindrical phantoms were 
fabricated with polyethylene microspheres (UVPMS-BV, Fisher scientific 
LLC., Santa Barbara, California) uniformly and randomly distributed in 
10 % porcine gel (G2500, Sigma-Aldrich Co. LLC., Burlington, MA). 
Illumination at 532 nm is well absorbed by the purple microspheres. We 
fabricated 12 phantoms, including 100, 200 and 400 µm-diameter mi
crospheres at concentrations of 1, 2, 4, and 8 microspheres per mm3.) 
For each phantom, 20 measurements were taken at separated locations 

in the phantom, resulting in a total of 240 independent measurements. 
Fig. 3(d) shows a typical signal in time domain. Purposed at 

excluding the signals generated at the inner needle surface, only the 
signals in the range of 1 μs to 5 μs was used. The frequency domain 
power spectrum of the signals was calculated using MATLAB built-in 
function, pwelch, as shown in Fig. 3(e). The power spectrum was 
compensated using the frequency response of the hydrophone shown 
later in Fig. 4(b,ii). However, the effects of the stop bands of the fre
quency response of the hydrophone cannot be completely removed, 
leading to the fluctuations in the power spectrum. To generate a smooth 
spectral profile for quantification, the upper envelope of the signal 
power spectra was calculated, as shown in Fig. 3(e). Then, the envelope 
within a selected range (10–20 MHz unless specified) was fitted to a 
linear model. The spectral slopes and midband-fits, as illustrated in 
Fig. 3(e), were compared with the dimensions and concentrations of the 
microspheres in the phantoms. Correlation coefficients (r) between 
linear slopes/midband-fits and particle sizes/concentrations were 
calculated. T-tests with the null hypothesis that the microspheres cannot 
be differentiated by PASA parameters were performed. We also tested 
the influence of the linear fitting range on the PASA results. The 
midband-fits and slopes derived from the frequency ranges of 
10–15 MHz, 10–20 MHz, 10–25 MHz, and 10–30 MHz were compared. 

3. Results 

3.1. Fiber hydrophone characterization 

Fig. 4(a) shows the reflectivity spectrum. The planar fiber hydro
phone shows a 7-nm FWHM of the reflectivity dip, corresponding to a Q 
factor of approximately 221. In contrast, the FWHM demonstrated by 
the plano-concave design is 0.6 nm with a Q factor of approximately 

Fig. 4. Performance of the fiber hydrophone and the needle PA probe. (a) Reflectivity spectra of F-P structures at the tip of the fiber-optic hydrophones. (b,i) The 
impulse responses of the fiber-optic hydrophones in time domain. (b, ii) The impulse responses in frequency domain. (c) The directivity functions of the planar and 
plano-concave fiber hydrophones. (d, i) The time domain signals acquired by needle PA probe with varied treatment to the needle sheath inner surface. (d, ii) The nv 
and ns of the needle sheath configurations in (d, i). 
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2583. The Q factor improvement for more than 11 times can result in 
approximate 11-time signal strength. 

The impulse response of the needle hydrophones is shown in Fig. 4 
(b). Fig. 4(b, i) demonstrates the vibrational signal detected in time 
domain. Here, with the same excitation pulse energy, the plano-concave 
hydrophone shows peak amplitude with 2.42 V and the planar one with 
only 0.42 V. The measured NEP of the hydrophones are ~0.2 kPa and ~ 
1.6 kPa for plano-concave and planar hydrophones, respectively. There 
numbers are comparable to the results shown in ref. [30,31]. By taking 
the Fourier transform, we can obtain the corresponding frequency 
domain power spectrum as shown in Fig. 4(b, ii). Both hydrophones 
show relatively flat spectrum within 5 – 20 MHz, which is sufficiently 
wide for PASA analysis. 

Fig. 4(c) compares the angular sensitivity of planar and plano- 
concave fiber hydrophones. The plano-concave fiber hydrophone dem
onstrates almost the same sensitivity across the range between − 100 and 
100 degrees. In contrast, the planar one shows highest sensitivity at the 
forward direction while sensitivity drops below 0.5 when the detection 
angle is larger than 30 degrees. Fig. 4(c, ii) shows the frequency re
sponses at the 0 degree and 90 degree respectively. Both have relatively 
flat spectrum within 10–30 MHz, indicating the spectrum is not a strong 
function with respect to the receiving angle. 

3.2. Performance of the needle sheath coating 

The noise test result is shown in Fig. 4(d). The measured total noise 
from 0 to 8 μs and 12–20 μs is denoted as nt1 and nt2 respectively. In the 
case of untreated needle sheath (red), the measured nt1 and nt2 are 

0.0809 V and 0.0296 V. The surface polishing and gold film deposited 
on the needle sheath (green) reduce nt1 and nt2 to 0.0384 V and 
0.0260 V, respectively. For the case of needle sheath with smooth 
polymer layer and gold film (blue), nt1 further reduces to 0.0350 V, and 
nt2 is at approximately the same level as the other two cases. With nt1 and 
nt2, we obtained the vibrational noise (nv), i.e. PA signal intensity 
generated at the needle sheath inner surface, and system noise (ns), as 
shown in Fig. 4(d, ii). ns is relatively stable at ~ 0.3 V level. However, it 
can be clearly seen that the nv reduced from 0.0753 V in the case without 
treatment to 0.0105 V after treatment with polymer and gold coating, 
demonstrating more than 7 times noise reduction. After treatment nv is 3 
times lower than ns, indicating the total noise is mainly from the system 
noise. 

3.3. Sampling volume of the needle PA probes 

Fig. 5(a) and (b) show the 3D SNR maps of the PA needle probes with 
the planar and plano-concave fiber hydrophones, respectively. For the 
probe with planar hydrophone, the highest SNR is 11 dB, when the 
sphere was right next to the sensor. In contrast, the plano-concave hy
drophone shows a highest SNR of 30 dB, meaning that the SNR is ~ 10 
times higher than the planar one. We approximated the detection vol
umes (defined above as locations where SNR is larger than 1) of both 
hydrophones with a quarter ellipsoid. As illustrated in Fig. 5(a) and (b), 
the detection volumes are determined as (4

3 π × 1.5× 1.5× 4× 1
4) =

9.4mm3 and (4
3 π × 3 × 4 × 6 × 1

4) = 75.4 mm3 for the planar and plano- 
concave fiber hydrophones, respectively. With the improved sensitivity, 
the sensing volume of the needle PA probe with the plano-concave fiber 

Fig. 5. SNR maps of the PASA needle probes. (a) Needle probe with planar hydrophone and (b) with plano-concave hydrophone of (i) 3D map and (ii) 2D x-z and y-z 
maps. Dotted lines indicate the approximated contour of SNR = 1. 
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hydrophone is 8 times larger than that with the planar one. 

3.4. PASA results in phantom study 

Fig. 6(a) and (b) are the representative time domain PA signals and 
the corresponding power spectra, respectively. The shaded area in the 
Fig. 6(a) indicates the windowed time sequence that is used for spectral 
study. Fig. 6(b) shows strong correlations (r2 >0.9) between the upper 
envelopes of the signal power spectra and the fitted linear functions. 

Fig. 6(c) and (d) show the statistical results of the spectral slopes and 
the spectral midband-fits derived from phantoms containing micro
spheres with 3 different diameters and 4 different concentrations. The 
linear spectral slopes in Fig. 6(c) show strong and negative correlations 
with the dimensions of the microspheres (n = 20, p < < 0.05 for all 
concentrations), while not correlate to particle concentration. Fig. 6(d) 
shows that midband-fits are positively correlated to particle concen
tration (n = 20, p < < 0.05 for all sizes) and particle sizes. These find
ings agree with our theoretical analysis [29] mentioned in the 
introduction section. 

Fig. 6(e) and (f) show the influences of the window selection on the 
slopes and midband-fits. Fig. 6(e) shows that the negative correlation 
relation between slopes and particle diameters can be always obtained 
in the fitting ranges, although the absolute value of slopes might be 

different. Fig. 6(f) shows that the positive correlation relation between 
midband-fits and particle concentration are also maintained in different 
window selection. The results indicate the robustness of the spectral 
analysis method. 

Table 1 shows that PASA slopes can be used to differentiate between 
the dimensions of the microspheres with significance in most cases.  
Table 2 shows that PASA midband-fits can be used to differentiate be
tween the concentrations of the microspheres with significance, 
although with less reliability. These results agree with our previous 
findings in [28,29]. 

Fig. 6. Results of phantom study. (a) Repre
sentative time-domain PA signals from the 
phantoms. (d) Representative power spectra of 
signals acquired from the phantoms. (c)-(d): 
Statistics of (c) linear spectra slopes and (d) 
midband-fits of microsphere phantoms with 
different diameters and concentrations. (e)-(f): 
Statistics of (e) linear spectra slopes with 
different diameters and fitting range at 4/mm3 

concentration and (f) midband-fits of 400 µm 
diameter microsphere phantoms with different 
concentrations and fitting ranges at samples.   

Table 1 
Differentiating microsphere dimensions by PASA slopes.  

Concentrations (number of 
microspheres per mm3) 

100 vs 200 
(µm) 

200 vs 400 
(µm) 

100 vs 400 
(µm) 

1  <0.01  <0.01  <0.01 
2  <0.01  0.3572  <0.01 
4  <0.01  0.01  0.095 
8  <0.01  <0.01  <0.01  
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4. Discussion 

As illustrated in Fig. 4(a), the design with concave surface signifi
cantly improved the Q factor of F-P resonator, resulting in a huge 
improvement of NEP compared to the planar surface design. On the 
acoustic signal detection side, the concave surface allows for wide angle 
signal reception. The sensitivity of the fiber hydrophone can be further 
enhanced by increasing the sensor Q factor, such as replacing the lossy 
metal mirrors with the low loss dielectric based distributed Bragg re
flectors [21,30] or using other sensing method such as whispering gal
lery mode [32–34]. As shown in Fig. 4(c), the fiber hydrophone has a 
wide receiving angle (− 90 to 90 degree), while the needle window is 
only open on one side. Therefore, part of the hydrophone receiving angle 
is blocked by the needle sheath and the fiber-optic hydrophone collects 
vibrational noise generated at the inner surface of the needle sheath. In 
this case, side sensing elements, such as angled fiber F-P sensors and 
whispering gallery modes [35,36] as mentioned above, will be consid
ered in future studies. 

The gold coating on top of a smooth polymer layer, by suppressing 
the PA signal generated at the inner surface of the needle sheath, 
effectively improved the SNR of the system. In addition, the highly 
reflective coating at the inner surface assists more efficient illumination 
delivery through the needle probe and, therefore, better penetration of 
the measurements. Coupled with the plano-concave fiber-optic hydro
phone, the needle PA probe demonstrates a larger sampling volume 
compared to the prototype version [14]. 

The current single element sensor can only provide averaged mea
surements within the whole assessed volume. Measurements at multiple 
locations with the needle PA probe may provide a spatial distribution of 
the microarchitectures. One potential way to improve the spatial reso
lution of the interstitial measurement is to incorporate multiple sensors 
into the system, such as using a bundle of fiber hydrophones or an array 
of micro-fabricated pressure sensors [37–39], which will be investigated 
in our future works. 

Although calibrated by the frequency response of the Fabry-P é rot 
sensor, the signal power spectra in this study show low magnitudes at 
characteristic frequencies, leading to fluctuating spectra. An envelope 
detection method is implemented before the linear fitting process in the 
PASA. This approach showed excellent robustness in producing consis
tent results in multiple frequency ranges. In addition, the Fabry-P é rot 
sensor in this study cannot fully capture the low frequency signal com
ponents. The midband-fits, i.e. the magnitudes of the linear-fit to the 
signal spectra in the middle of the fitting range, may not precisely 
represent the total volume of the light absorption material. Therefore, 
midband-fits show moderate correlations with the concentrations and 
limited reliability in differentiating the microsphere concentrations. 

Since the phantoms contain multiple microspheres in a large volume, 
attenuation compensation is difficult. In the experiment setup, we 
ensure that the phantom volumes are sufficiently large, so that the full 
measurement range of the needle probe contains microspheres with 
uniform randomness. Such design ensured the consistent attenuation 
factor and the comparability in all measurements. Time-gating was also 
performed to limit the PASA within a spatial range, which reduced the 
dependence on the attenuation to signals generated far from the sensor. 

The aggregation and exceedingly high concentration of the micro
spheres may increase the low frequency components in the PA signals. 
Theoretically, the spatial resolution of a transducer is determined as 

speed of sound divided by its acoustic bandwidth. In this study, the 
highest frequency we can reach is 30 MHz. Therefore, the system cannot 
resolve two microspheres if the separation is 50 µm. This corresponds to 
the concentration of 512, 64 and 8 per cm3 for microspheres with di
ameters of 100 µm, 200 µm and 400 µm, respectively. The concentra
tions used in this study is far lower than these values. 

5. Conclusion 

In conclusion, we have developed a translational needle PA sensing 
probe with identical dimensions of a clinical biopsy needle. Compared to 
the previous versions, this needle probe possesses upgraded components 
including a needle sheath with a highly reflective inner surface that 
protects the optical components and greatly reduces PA signals gener
ated by the needle sheath. A plano-concave F-P fiber-optic hydrophone 
is also introduced for improved signal reception. The needle PA probe 
was tested in phantom studies and the results indicate that the probe can 
statistically distinguish different concentration and sizes of microsphere 
samples. To our understanding, this is the first interstitial PA probe that 
can acquire signals with sufficient temporal length for statistics-based 
PASA. This work paves the way for examining the technology 
inhuman subjects. 
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