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Abstract In this study, the imaging capability of our wide-spectrum frequency-
domain photoacoustic (FD-PA) imaging alias “photoacoustic radar” methodology for
imaging of soft tissues is explored. A practical application of the mathematical cor-
relation processing method with relatively long (1 ms) frequency-modulated optical
excitation is demonstrated for reconstruction of the spatial location of the PA sources.
Image comparison with ultrasound (US) modality was investigated to see the com-
plementarity between the two techniques. The obtained results with a phased array
probe on tissue phantoms and their comparison to US images demonstrated that the
FD-PA technique has strong potential for deep subsurface imaging with excellent con-
trast and high signal-to-noise ratio. FD-PA images of blood vessels in a human wrist
and an in vivo subcutaneous tumor in a rat model are presented. As in other imaging
modalities, the employment of contrast agents is desirable to improve the capabil-
ity of medical diagnostics. Therefore, this study also evaluated and characterized the
use of Food and Drug Administration (FDA)-approved superparamagnetic iron oxide
nanoparticles (SPION) as PA contrast agents.
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1 Introduction

The field of biomedical photoacoustic (PA) imaging has been growing significantly
over the past decade [1] where pulse lasers have been the standard choices for opti-
cal excitation. Although nanosecond high-peak laser excitations can provide strong
acoustic responses and adequate signal-to-noise ratio (SNR), those pulsed-PA systems
tend to be bulky, expensive, and not flexible enough in wavelength tuning, and require
qualified personnel for consistent system performance, factors which may eventually
make them hard to implement clinically. We have introduced [2–4] an alternative PA
technique using a relatively low-power intensity-modulated continuous wave (CW)
laser as the optical source and have developed it to the extent capable of competing
well with the pulsed-PA systems in terms of SNR, spatial resolution, and depth detec-
tivity [5,6]. A wide availability of compact and relatively inexpensive fiber or diode
lasers in the near-infrared (NIR) spectrum makes the prospect of portable and efficient
PA modalities for clinical use very appealing. With a frequency-sweep (chirp) mod-
ulation and a cross-correlation processing commonly employed in radar technology
[7], the chirped CW laser-based frequency-domain PA system is also referred to as
“the PA radar” [8] to emphasize the preferential role of the frequency spectrum in
signal processing.

The laser PA method of tumor detection relies on light absorption by the concen-
trated blood in the tumor angiogenesis network [9,10]. The received optically induced
acoustic waves are used to determine the vasculature location and the oxygen saturation
of blood, taking advantage of the unique spectral signatures of oxy- and deoxy-hemo-
globin absorption [11,12]. In tumor screening by ultrasound (US) or X-ray mammog-
raphy, early-stage tumors are not easily detectable because the mechanical contrast or
the density delineation of tumor boundaries is not significant. Nevertheless, that kind
of limitation should not be the case for optical-contrast-based diagnostic modalities,
such as PA imaging.

In this study, tissue phantoms resembling human tissues in their optical and acous-
tical properties [13] and simulating early-stage tumor environment were used to sys-
tematically test and optimize the capability of our frequency-domain photoacoustic
(FD-PA) phased array imaging in a controlled way with regard to biomedical appli-
cations. A PA image comparison with US images was investigated to confirm the
complementarity between the two techniques. PA radar images of blood vessels in
a human wrist and in vivo subcutaneous tumor detection in a rat xenograft model
are presented. In addition, we also evaluated silica-coated super paramagnetic iron
oxide (Fe3O4) nanoparticles (SPION) as a potential PA contrast enhancer. SPION is a
well-established contrast agent in magnetic resonance imaging (MRI), Food and Drug
Administration (FDA) approved, and has excellent safety profile for clinical use [14].

2 Experimental Apparatus and Procedures

Detailed descriptions of the PA radar technique signal processing under chirped laser
excitation are given elsewhere [4]. The PA radar experimental setup is shown in Fig. 1.
The 1064 nm CW laser (IPG Photonics, Boston, MA) output was intensity-modulated
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Fig. 1 Experimental setup of PA radar measurements

using an acousto-optic modulator (AOM; Neos Technologies, FL) to produce periodic
PA waves. A 1 ms duration sinusoidal chirp waveform with a 1 MHz to 5 MHz
frequency sweep was synthesized using a LabVIEW© program and uploaded to
the function generator (PXI-5442; National Instrument, Austin, TX) also used for
data-acquisition synchronization. Two lenses were positioned so as to form a 3 mm
beam diameter. A transparent and cylindrical acrylic water-filled container with open
ends, the bottom part sealed with a thin plastic film, was used for acoustic cou-
pling. Two detection schemes were used for the present experiments. For phantom
and human blood vessel imaging, the acoustic detector was a standard 64 element
3.5 MHz phased array transducer (GE Parallel Design Inc., Phoenix, AZ) with an
80 % mean bandwidth at −6 dB and 0.254 mm pitch [15]. Detected array signals
were pre-amplified and sent to a multiplexer board (NI PXI-2593) before being fed to
a modular eight-channel analog-to-digital converter (ADC; PXI-5105). For the pre-
sented tumor imaging result and SPION detection, we used a single-element 3.5 MHz
focused transducer ( f = 25.4 mm; Panametrics v382, Olympus NDT Inc., Waltham,
MA) and the pre-amplified signals were transferred directly to an ADC (PXI-5122).
A 1 W power laser irradiance incident on the samples was kept constant throughout
the experiments, and an averaging of (100 to 1000) chirps was employed to increase
the SNR.

A tissue phantom (reduced scattering coefficient: µ′
s = 4 cm−1) with an absorb-

ing rectangular inclusion (absorption coefficient: µa = 2 cm−1, µ′
s = 4 cm−1, size

10 ×10 × 6 mm3) located 12 mm to 15 mm below the surface and made of the same
polyvinyl chloride plastisol (PVCP) was fabricated [13] to simulate an early-stage
tumor. A female immunodeficient rat (Charles River, Wilmington, MA) bearing a
subcutaneous hyphopharingeal FaDu tumor in its thigh was used for the in vivo ani-
mal imaging. The animal experiment was conducted under the animal use protocol
approved by the University of Toronto. For the PA contrast agent preparation, SPION
with an 8 nm diameter iron oxide core were synthesized by a co-precipitation method
[16] and coated with 3 nm thickness of silicon dioxide [17].
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3 Results

Figure 2a, b shows the FD-PA and US images, respectively, and their comparison on
the early-tumor-detection scheme performed in the PVCP tissue phantom. The inclu-
sion in the US image (a dashed rectangle) was barely visible due to lack of mechanical
contrast with surrounding material. Therefore, the acoustic reflection was negligible
and insufficient to provide adequate image contrast. On the other hand, the FD-PA
correlation image strongly indicated the presence of the inclusion at a depth of 12 mm
to 15 mm below the surface. In the PA image, a small bright spot on the surface was
due to the laser irradiance incident on the phantom. Since the light was dispersed in
the scattering medium, the broadened beam reaching the inclusion resulted in a wider
PA area coverage of the inclusion. The reconstructed sector image of a human wrist as
shown in Fig. 2c, reveals discrete bright spots related to the PA signals generated by
near-surface blood vessels. Due to the limitation of the axial resolution of the 3.5 MHz
phased array transducer, the locations of subcutaneous blood vessels were not resolv-
able from the skin surface in the reconstructed PA radar image. The laser beam incident
on the tissue surface was maintained at the safety level [18] during data acquisition.

In vivo detection of the subcutaneous tumor in the thigh of the female rat model
and its PA and US image comparison are shown in Fig. 3. By translating the sin-
gle-element 3.5 MHz transducer and the incident beam concomitantly, we obtained
two-dimensional PA images of a healthy (Fig. 3a) and tumor (Fig. 3b) regions of the
thigh to showcase their endogenous contrast difference. An US scan (Fig. 3c) using a
128 element 7.5 MHz linear array transducer (GE Parallel Design Inc., Phoenix, AZ)
over the same tumor region as in Fig. 3b was performed. The thickness of the subcuta-
neous tumor was found to be ∼1 cm by both PA and US images. Our PA radar system
shows good correlation with the US imaging modality to estimate the size and shape
of the subcutaneous tumor. The fact that only front and back tumor surfaces appear
delineated in the PA image (Fig. 3b) is consistent with our theoretical simulations
of the PA signal generated in a solid absorbing region with a fixed or continuously
variable optical absorption coefficient [19].

PA detection of the silica-coated SPION up to ∼9 mm and ∼24 mm inside a
tissue-like intralipid solution (Intralipid� 20 %, Fresenius Kabi AB, Upsala, Sweden;

Fig. 2 PA (a) radar and (b) ultrasound (US) images on the detection of an early-tumor-like subsurface
inclusion inside the PVCP phantom. (c) PA radar image of discrete blood vessels in a human wrist
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Fig. 3 Comparison of PA radar and US images of an in vivo subcutaneous tumor. PA scans over (a) normal
skin and (b) the subcutaneous tumor region of a rat thigh. (c) US scan over the same tumor area as (b)

Fig. 4 (a) Maximum depth detection determination of the silica-coated SPION inside the intralipid solu-
tion. (b) Effect of different solvents on the silica-coated SPION-generated PA signal. (c) PA radar image
of silica-coated SPION inside an ex vivo rat thigh. Detection was effected either using the single-element
3.5 MHz focused transducer; or as specified in the inset. H2O = water; PBS phosphate buffer saline; BSA
bovine serum albumin

effective optical attenuation coefficient: µeff = 1.3 cm−1) using a single-element
3.5 MHz focused and a 1 MHz unfocused (Panametric A303S) transducer, respec-
tively, as shown in Fig. 4a, demonstrates the nanoparticle potential as a PA contrast
enhancer. With the trade-off between axial resolution and attainable imaging depth,
our previous study [5] has shown that using a low frequency transducer could increase
the FD-PA imaging depth significantly. Figure 4b, measured using the single-element
3.5 MHz focused transducer, shows that the silica-coated SPION were optically stable
under different solvents such as phosphate buffer saline (PBS) and bodily fluids (e.g.,
bovine serum albumin (BSA) and sheep blood). In addition, the PA depth detection of
the mixture of silica-coated SPION and sheep blood (� line) was increased ∼1.5-fold
over the detection threshold of pure sheep blood (� line). A 2D image of the SPION
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detection inside an ex vivo rat thigh, which was obtained by translating the 3.5 MHz
focused transducer, is presented in Fig. 4c.

4 Conclusions

We have demonstrated the imaging capability of our PA radar technique with fre-
quency-swept optical excitation and cross-correlation signal processing, using both
single-element and phased array transducers on tissues and tissue phantoms. The
complementarity between the PA and US systems has been confirmed through image
comparison. We have examined and shown the potential of silica-coated SPION as
PA contrast agents.
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