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ABSTRACT
Photoacoustic tomography (PAT) is a potential hybrid imaging modality that has attracted great attention in the
fields of medical imaging. In order to generate photoacoustic signal efficiently Q-switched Nd:YAG pump
lasers capable of generating tens of millijoules of nanosecond laser pulses have been widely used. However,
PAT systems using such lasers have limitations in clinical applications because of their high cost, large size, and
cooling requirements. Furthermore, the low pulse repetition rate (PRR) of tens of hertz is not suitable for realtime PAT. So, there is a need for inexpensive, compact, simple, fast imaging system for clinical applications.
Nanosecond pulsed laser diodes could meet these requirements. In this work, we present a high-speed
photoacoustic tomography imaging system that uses a compact and yet relatively powerful near-infrared pulsed
laser diode. The PAT system was tested on phantoms to verify its potential imaging speed. Photoacoustic
reconstructed images at different scanning speeds are presented. With single ultrasound detector scanning, the
system could provide PA image ~10 times faster than the Nd:YAG laser based systems.
Keyword: Photoacoustic tomography, Hybrid imaging, High-speed imaging, Pulsed diode laser.

INTRODUCTION
Photoacoustic imaging is a hybrid imaging tool which makes use of non-ionising pulsed laser radiation on the
biological tissues.1-5 It is one of the rapidly growing noninvasive, in vivo imaging technique owing to its deep
penetration depth, good spatial resolution and high soft tissue contrast unlike other systems like confocal
microscopy or two-photon microscopy, where the penetration depth is very low.6, 7 It is a combination including
the best features of pure ultrasound imaging and pure optical imaging. Ultrasound scattering is two to three
orders of magnitude less than optical scattering on the basis of per-unit path length, making photoacoustic
imaging break through the fundamental limitation of existing pure optical imaging. In photoacoustic imaging a
short pulsed laser light illuminates the tissue. Due to light absorption by the intrinsic absorber in the body (e.g.,
blood, melanin, even water), there is a local temperature rise (in the order of milli degree). Then as a result of
thermoelastic expansion pressure waves are generated in the form of ultrasound waves and come out of the
tissue. Ultrasound transducers (detectors) receive the ultrasound waves [also known as photoacoustic (PA)
waves] around the tissue surface. In Photoacoustic tomography (PAT) typically a single element detector
receives the PA signals around the object (tissue sample) in full circle. Reconstruction techniques are used to
map the initial pressure rise in the object which is in turn correlated to the absorption coefficient of the object.813

The applications of PAT are varied and include blood vessel imaging, Sentinel lymph node imaging, breast
cancer detection and various others.6, 14-18 The functional aspect of the PAT allows for the identification of the
oxygenation level in the blood, and total blood volume. Both of these parameters provide various details on the
angiogenesis which usually helps in the cancer detection. PAT mostly uses the blood as the contrast agent.
When the contrast from the blood is not strong enough we can use other exogenous contrast agents like organic
and inorganic contrast agents. There is lot of work going on in identifying new contrast agents which can
provide better signal in comparison to blood and improve the imaging system some of them includes gold
nanoparticles, nanospheres, nanocages, carbon naotubes etc. The major problem faced with respect to contrast
agents are their biocompatibility and thus sometimes may need FDA approval before they can be used clinically.
Therefore, at the clinical level we are left with very limited options of contrast agents.19-27 Due to its high
penetration depth of few centimetres and good spatial resolution we can use it to image the soft tissues in the
body and obtain the structural details. The system uses only non-ionising radiation in the near infrared region
thus making it more suited for the repetitive usage unlike Magnetic resonance imaging or Computed
a
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tomography which uses harmful radiation. Also, the other imaging techniques causes lots of discomfort to the
patients and requires them to stay still during the examination and may not be suitable to all patients, PAT on
the other hand overcomes that issue by its small size and portability. However, it is always better to reduce any
exposure to the radiation by developing a faster imaging technique would be highly beneficial in that respect as
long as we are not losing the structural information.
In the near-infrared region the light penetrates much deeper in the tissue. As a result for deep tissue imaging
near-infrared (NIR) wavelengths are preferred. Typically a Nd:YAG pump laser either pumps a dye laser or a
OPO laser to generate pulsed NIR wavelength laser beam. So far, these types bulky lasers have been used in the
PAT setup making this kind of system bulky, expensive, and slow (typical pulsed repetition rate for such lasers
is 10-20 Hz).28 Also, the bulky laser would mean that it needs a bulky cooling system and hence making its
portability an issue and less favourable for clinical application.29 There is a great need to develop a system
which is compact, affordable, portable and have a high speed.30 Also a smaller and portable system would be
more beneficial from the clinical point of view, as there would be ease of handling for the physicians and the
low cost is also an added advantage.
There are various geometries along which the scanning can be performed. We use the circular scanning where
the transducer is rotated around the object in a circular motion recording the signals at various positions.13 A
simple delay-and-sum method for image reconstruction using a back projection algorithm is generally used as
we are more focused on the structural information rather than quantitative images.8 Though the system doesn’t
provide real time imaging it is the fastest method available for this type of imaging. To focus more on the
quantitative image reconstructions, iterative image reconstructions or system matrix-based image
reconstructions can also be used. However, in this work we will only focus on the time-domain back projection
implementation. Also, time-domain back projection- based reconstruction is faster than the system matrix-based
approach.
In this work, a pulsed diode laser is used to irradiate the object. A single element ultrasound detector rotates
around the sample in full 360 degree to collect the PA signal and then a simple reconstruction algorithm is used
to map the absorption map of the object. Hair phantom in water is used to test the performance of the imaging
system. We have quantified the signal-to-noise ratio (SNR), resolution, and the imaging time.

EXPERIMENTATION AND RESULTS

Figure 1: (a) Schematic diagram of the PAT imaging system. The sample is placed in a water bath where the laser light
illuminates the sample from the top, the ultrasound transducer rotates in a full circle to record the signals from the
sample. The signal is amplified, digitized, and then recorded with a data acquisition card inside a desktop PC. UST Ultrasound Transducer, M - motor, MC - Motor Controller, LDU - Laser Directing Unit. (b) Cross hair phantom using
for imaging.

Figure 1a shows the schematic diagram of the PAT system we have developed. A NIR pulsed diode laser
(Quantel DQ-Q1910-SA-TEC) of ~803 nm wavelength, pulse energy ~1.45 mJ per pulse at a very high pulse
repetition rate of 7 kHz illuminates the sample from the top. The laser is capable of producing ~136 nano second
pulses. The sample is placed inside a water bath. We used a 5 MHz/2.25 MHz center frequency ultrasound
transducer for the detection of the signal. To synchronize the acquisition of the data, same function generator
(HTRONIC FG 250D) was used to trigger both the laser as well as the data acquisition system. The PA signal
was first amplified with a pulse/receiver amplifier (Olympus, 5072PR) and then digitized and recorded using a
data acquisition card (Gage, CompuScope 4227) connected with a desktop computer. The detector is rotated
around the sample using a stepper motor (Lin Engineering, Silverpak 23C) and a homebuilt mechanical scanner.
A simple MATLAB based program was used to control the data acquisition, stepper motor motion and also the
reconstruction of the PA data. Figure 1b shows the phantom (a black human hair cross) used to study the
imaging performance of the system. Human hair is ~50-75 micron diameter. We try different speeds of
transducer rotation and try to observe the least possible time in which we can get an image with a good SNR and
resolution.
For PAT typically low frequency transducers are used, as they are best suited for deep tissue imaging. Therefore
in this study we used 5 and 2.25 MHz center frequency non-focused 13 mm active area diameter ultrasound
detectors. Moreover, the laser pulse width is ~136 ns, which results roughly a maximum bandwidth of ~6.5
MHz of PA signals. Therefore, using a higher center frequency than this will result sub-optimal detection of the
PA signals. On the other hand if we use very low frequency transducers, that will reduce the spatial resolution of
the imaging system. The spatial resolution of the PAT reconstructed images is roughly related to wavelength of
the detected ultrasound. For 5 MHz ultrasound the wavelength is ~300 micron. Therefore, we can achieve ~150
micron spatial resolution with 5 MHz transducer. Similarly, with 2.25 MHz detector we can achieve ~300
micron spatial resolution.
Various imaging speed was tested by controlling the transducer rotation speed. We tested 5 seconds, 10 second,
20 seconds, and 30 seconds imaging speed. Figure 2 shows reconstructed PAT images of the cross-sectional
image of the phantom for various imaging speed for 2.25 MHz detector. Figure 3 shows similar images but with
5 MHz detector. All our reconstruction was done using a simple delay-and-sum back projection reconstruction
algorithm in MATLAB.

Figure 2: Reconstructed PAT images with a 2.25 MHz center frequency ultrasound transducer for various rotation
speeds, (a) 5 seconds, (b) 10 seconds, (c) 20 seconds, and (d) 30 seconds.

It is evident from the Figures 2 and 3 that even with 5 s imaging speed we are able to recover the cross-sectional
images with high SNR. Figure 4 shows the SNR vs scanning time. The SNR is calculated from the reconstructed
image using the following formula: 𝑆𝑆𝑆 =

𝐴𝑠𝑠𝑠𝑠𝑠𝑠
𝜎𝑛𝑛𝑛𝑛𝑛

, where 𝐴𝑠𝑠𝑠𝑠𝑠𝑠 is the amplitude of the signal on the hair, and

𝜎𝑛𝑛𝑛𝑛𝑛 is the standard deviation of the noise from the background. Of course with higher scan time the SNR will
improve as expected. But even with 5 s scan the SNR is good enough for in vivo imaging application in the
future. Moreover, even with 5 seconds rotation speed of the transducer the obtained image shows the structural
features with a clarity which is not very different from the typical 30 seconds scanning speed. As expected with
the higher frequency detector one can achieve high resolution imaging as seen between figure 2(a) and figure
3(a). For certain applications, the image resolution obtained with the short time scanning is just good enough
and would be sufficient. The imaging was done with very fine hair structure and the images had high spatial
resolution and hence we believe that we can visualise the ultrafine blood vessels in the body in a faster and
cheaper.

Figure 3: Reconstructed PAT images with a 5 MHz center frequency ultrasound transducer for various scanning speeds,
(a) 5 seconds, (b) 10 seconds, (c) 20 seconds, and (d) 30 seconds.

Traditional lasers used for PAT has a pulse repetition rate in the order of 10-20 Hz. As a result to collect enough
no of PA signals around the object the transducers need to rotate the sample slowly. As a result the image
acquisition time is quite slow. Typically several minutes are needed for full rotation. However, with the use of
high repetition rate pulsed diode laser we can collect data very fast (5 s) and still obtain a very good quality PAT
image. This is close to 10-20 fold improvement in terms of imaging speed. From all the reconstructed images
we see striated pattern in the reconstructed images. It is due to the laser beam profile. The pulse diode laser
beam profile is striated and not completely homogeneous. Therefore, it is getting reflected in the reconstructed
image. However, during in vivo study it will not be a problem. Since during in vivo application light has to
penetrate the tissue and will get scattered. Thus the prominence of the striated pattern will reduce.

Figure 4: Signal-to-noise ratio (SNR) versus various scanning speed.

The imaging speed can further be improved by using multiple detectors. For example we can use 4-8 detectors
and data can be collected in parallel. Thus another factor of 8 improvements is feasible. Thus it is possible to
obtain PAT images less than one second scan-time. That way real-time PAT imaging is possible and several
dynamic study can be done.
Laser Safety Limit: When PAT is used to image subjects in vivo, the maximum permissible pulse energy and
the maximum permissible pulse repetition rate are governed by the ANSI laser safety standards.31 The safety
limits for the skin depend on the optical wavelength, pulse duration, exposure duration, and exposure aperture.
In the spectral region of 700-1050 nm, the maximum permissible exposure (MPE) on the skin surface by any
single laser pulse should not exceed 20×102(λ-700)/1000 mJ/cm2 (where λ is the wavelength in nm). At 803 nm, for
example, the MPE is 32.1 mJ/cm2. In our imaging system, the pulsed diode laser provides ~1.4 mJ pulse energy
and the laser beam spread over an area ~4 cm2 (1.5 cm X 2.5 cm). Therefore, the laser fluence is around 0.35
mJ/cm2. Thus, the fluence is well within the ANSI MPE. In addition, if the same area on the skin is exposed to
laser light for more than 10 s, the mean irradiance should not exceed 200 mW/cm2 in the 700–1400 nm region.
However, we show that with 5 s imaging time we are able to obtain high SNR PAT images, therefore, do not
require long time laser exposure.

CONCLUSION
In this work, we showed that using a high repetition rate low cost pulsed diode laser we can significantly
improve the PAT imaging speed. We showed at even with 5 s scan time it is possible to obtain high SNR crosssectional PAT images. Cross-hair phantoms were used for the imaging and with both 5 and 2.25 MHz
transducers we were able to get good quality PAT images. In the future, the imaging depth capability of the
system will be tested and also in vivo experiments will be done.
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