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Abstract: Several detection methods have been explored for photoacoustic and
ultrasound imaging of biological tissues. Piezoelectric transducers are commonly
used, which require contact with the sample and have limiting bandwidth charac-
teristics. Interferometry detection exhibits improved bandwidth characteristics and
resolution, yet generally require complicated optics and the incorporation of a con-
tacting reflective medium. Here, we report the use of a noncontact photoacoustic
and laser-ultrasound imaging system that does not require the use of a reflective
layer. A simple, robust technique known as gas-coupled laser acoustic detection
is used, which has previously been applied to composite material evaluation. This
technique has the potential to reduce complexity and cost of photoacoustic imaging
devices and allow for use in a broad range of medical applications.
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Introduction

Photoacoustic (PA) imaging is an absorption based imaging modality that utilizes laser-generated ultrasound [1]. The
photoacoustic effect begins with a short pulse of laser light that rapidly diffuses when incident on highly scattering
biological tissue. The energy of the diffuse beam is absorbed by chromophores in tissue, resulting in transient
thermoelastic expansion and generation of acoustic waves. These waves are detected at the surface of the tissue at
multiple locations, generating a spatial map of the optical absorbers [2]. Consequently, PA imaging achieves both
the high resolution of ultrasound along with high-spectroscopic contrast of optical modalities [3].

Hemoglobin absorbs light in the red to near-infrared spectrum up to six orders of magnitude higher than surround-
ing tissues [4], lending PA imaging to be particularly well-suited for viewing the structure and function of blood
vessels [5]. In addition, molecules such as lipids, water, and melanin have unique absorption spectra that can be
exploited by PA imaging [3].

Absorption of laser light at the surface of tissue also generates an acoustic wave, termed the laser-ultrasound (LU)
wave. Through careful analysis of LU propagation and scattering, an ultrasound image can be reconstructed. The
mechanical information obtained from an LU image compliments PA imaging for a more comprehensive character-
ization of tissue. Noncontact photoacoustic and laser-ultrasound images were obtained by Rousseau et al. [6, 7].
Additionally, we recently applied earth image processing methods to biomedical PA and LU images, described in
[8].

The potential for incorporating photoacoustic imaging capabilities into traditional ultrasound systems may be re-
alized using piezoelectric transducers [9, 10]. However, the development of new detecttors for PA and LU imaging
is of great interest for several reasons. First, while high sensitivity can be achieved with transducers, they are known
to have narrow bandwidths due to the resonant behavior of piezoelectric elements. This limits the size and depth
of structures detectable with a given transducer [11]. Additionally, unlike traditional ultrasound modalities, photoa-
coustic imaging requires illumination of the sample with an optical source beam. Most piezoelectric transducers
are made from opaque, ceramic materials. This complicates light delivery when both excitation and detection must
be accomplished on one side of the sample. The sensitivity of piezoelectric elements is also limiting for PA and
LU applications because sensitivity decreases with element size [12]. Most photoacoustic reconstruction algorithms
assume the detector elements are smaller than the structures to be imaged. Achieving adequate resolution and sen-
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sitivity for the smallest structures, therefore, is problematic with piezoelectric transducers [12]. Finally, transducers
require contact with the sample, making them inappropriate for clinical and surgical procedures where access to the
sample is required or applied pressure may cause discomfort or harm.

Several remote detection methods have been developed for photoacoustic imaging applications. Optical interfer-
ometers offer advantages over contacting transducers, including broadband frequency characteristics and point-like
detection spot sizes [13]. High-resolution photoacoustic images have been achieved using these detectors [11, 14–
19], however, limitations remain. In general, interferometers rely on reflections of a probe beam from the sample
surface. Consequently, rough or poorly reflecting surfaces, such as skin, require a reflective medium to be incor-
porated. Noncontact interferometric detection (without the need for a reflective medium) has been accomplished
by Rousseau et al. [6, 7], using a confocal Fabry-Perot interferometer (CFPI). A high-energy probe beam was
pulsed in order to increase sensitivity without exceeding the American National Standard Institute energy exposure
limits. Likewise, a two-wave mixing interferometer (TWMI) was successfully used as a photoacoustic detector by
Hochreiner et al. [20] without a coupling medium. Both CFPI and TWMI interferometers require complicated op-
tics, and obtaining adequate sensitivity while remaining below national standards for energy exposure is a significant
design challenge. Fabry-Perot polymer film sensors have been developed for PA imaging as well. These detectors
are relatively simple in configuration when compared to traditional interferometers and have high sensitivity across
a broad range of frequencies [12, 21]. The polymer film head must be in contact with the sample, however, limiting
the scope of medical applications.

Gas-coupled laser acoustic detection (GCLAD) was originally developed for materials evaluation, but possesses
advantageous qualities for biomedical imaging. GCLAD overcomes many of the limitations of both transducer and
optical detection methods by exploiting the changes in air density that occur when an acoustic wave radiates into air.
After propagating through tissue, surface motion causes an arriving PA or LU wave to radiate into the surrounding
air, varying the index of refraction [22]. GCLAD measures these small variations by measuring the displacement
and deflection signal of a probe beam propagating perpendicular to the wave.

A comparatively simple set-up is used for GCLAD, where a laser beam is directed perpendicular to the direction
of wave propagation. A wave changes the index of refraction of the air such that the path of this probe beam is
altered. A combination of deflection and displacement of the beam occurs, which is detected with a position sensitive
photodetector [22, 23]. The probe beam is never in contact with the tissue, making measurements independent of
surface roughness or optical reflectivity [22]. The setup is simple in comparison to interferometers and virtually no
realignment is required after initial setup. Additional advantages include broadband frequency detection (determined
by the detector electronics), point-like detection spot size in the dimension perpendicular to the beam, and straight-
forward delivery of the source beam when only one side of the sample is available. GCLAD has been used to record
acoustic waves for non-destructive evaluation of solid materials, such as metals, composite materials, and thin films.
Imaging of both curved and angle surfaces has also been accomplished by modifying the optical layout to match the
surface contour of the sample [24]. To date, GCLAD research has focused on rigid material evaluation, however, the
optically rough nature of human skin makes photoacoustic and laser-ultrasound imaging an especially appropriate
application for GCLAD. Here, we present the first B-scan images of a tissue phantom using GCLAD as part of a
noncontact, robust, and relatively simple imaging system.

Methodology

The experimental set-up is shown in Fig. 1. A solid phantom composed of 1% Intralipid R©, 1% highly purified agar
(A0930-05, USBiological), and deionized water was used to represent biological soft tissue. Intralipid R© phantoms
are well studied as tissue-mimicking phantoms for photoacoustic imaging applications, with optical scattering and
acoustic properties similar to biological tissues [25–29]. A thin-walled polyester tube (1.57 mm diameter, 12.7 µm
wall-thickness) filled with infrared absorbing dye (Epolight

TM
2057) was embedded 14 mm below the surface of

the phantom. The tube wall was considered acoustically transparent for the wavelength of the source, such that
contribution of the tube to PA generation or LU scattering could be neglected.

An unfocused 1064 nm Nd:YAG laser with an 8 mm beam diameter, 10 ns pulse width and repetition rate of 11
Hz was used as the excitation source. A low-noise, 532 nm laser was projected parallel to the phantom surface,
passing through a convex lens with a 75 mm focal length. The focused beam was incident on a position-sensitive
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FIG. 1: Setup for photoacoustic transmission experiment with GCLAD. The LU wave generated at the surface of the phantom and PA wave
generated by dye in the polyester tube are shown. Both waves propagate through the air and displace the GCLAD probe beam, which is
measured by a position-sensitive photodetector.

photodetector (Dulcian, Quarktet) with a frequency bandwidth from 50 kHz to 6 MHz. An air gap of 11 mm lay
between the probe beam and the sample surface.

Two-dimensional images were constructed by scanning the phantom in the horizontal (x) direction, Fig. 1. The
source and detector remained stationary as the phantom was translated by 0.254 mm increments, covering a scan
distance of 19.05 mm. The average of 64 A-scans was recorded at each point, which combined to form a two-
dimensional B-scan image. Two trials were recorded, which differed in the energy of the source beam. First, a
high energy beam was used that significantly exceeded the maximum permissible exposure (MPE) for a pulsed laser
source [30]. Then, the energy of the source beam was reduced to about 100 mJ/cm2 for the second trial. Further
energy analysis will be required to ensure the energy exposure of the source beam is kept below MPE standards for
multiple pulses at 1064 nm.

Results

The B-scan images for each trial are shown in Fig. 2. As expected, higher PA and LU amplitudes were observed
in the high energy trial, however, excellent signal-to-noise was shown for each image, Fig. 3. As expected, the
amplitude of the PA wave decreased with distance from the tube. In each trial, the LU wave amplitude remained
relatively constant because the distance between the source and detector remained unchanged throughout the scan.

Interferometers detect acoustic waves directly at the phantom surface. Comparatively, waves detected with
GCLAD are delayed due to the additional time required for waves to propagate through air to reach the probe
beam. The distance between the phantom surface and detector remained constant and the speed of sound in air is
known, therefore, the additional travel time can be easily removed for accurate reconstruction and depth profiling.
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FIG. 2: B-scan images using high energy (left) and low energy (right) source beam.
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FIG. 3: A-scans of phantom with embedded tube and dye for varying source energy. Both PA and LU waves are shown.
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Conclusions

In conclusion, we have shown the feasibility of gas-coupled laser acoustic detection for photoacoustic and laser-
ultrasound imaging. Exceptional signal-to-noise was demonstrated with the probe beam a distance greater than 1 cm
from the phantom surface. This detector does not require acoustic or optical contact with the sample, eliminating
energy exposure concerns for the detector. Noncontact detection has the potential to increase the range of medical
applications of laser-generated imaging modalities while reducing cost, complexity, and size.
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