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Abstract

In this experiment we aim to utilise the optical contrast of a blood mimicking media
against tissue due to its strong absorption of light, and use this as a basis to perform pho-
toacoustic (PA) experiments. PA waves are generated by the absorption of a pulse of light,
which results in the emission of broadband ultrasound waves, that can be detected at the
surface of a sample. Initially, these experiments were run on pencil lead embedded in phan-
tom tissue, where a laser doppler vibrometer (LDV) was used to observe PA wave arrivals at
a localised position on the surface. Then, different diameters of pencil lead were studied with
this set-up and their differences observed through study of the PA arrivals and analysis in the
frequency domain. The experimental set-up evolved to include a clinical ultrasound probe to
image the different sizes of lead underwater. The cleanest image was reconstructed through
optimisation of the speed of sound. Finally, ink was pumped through tubing to replicate
blood flowing through a vessel. Images were reconstructed and the first steps were made
toward quantifying the flow speed based on analysis of the frequency domain and Singular
Value Decomposition to isolate the flow-signal.
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1 Introduction

1.1 Report Format

Originally this report started off at 30 pages, which is a bit of a mission for whoever needs to
read it. To slim things down all the experiments up to the Flow Section have been summarised to
the introduction/method (overview) and the conclusion (findings). Any other parts the become
relevant for the flow section have also been included. If you want to read the whole report I am
happy to email it.

1.2 Photoacoustic Imaging

Photoacoustic (PA) imaging creates ultrasound (US) waves in a sample though excitation by tem-
porally modulated (pulsed) light. In this report the term ”PA waves” is used to describe the US
waves generated by absorption of light. When light is specifically absorbed by certain anatomical
features, it creates a small temperature rise (less than 0.1K). This produces an initial pressure
increase which relaxes via emission of broadband low-amplitude acoustic waves [1]. These waves
can then be detected at the surface of the sample and used to form an image.

PA imaging is only possible due to developments in laser technology that have occurred over
the past few decades. The laser is a single frequency light source which enables specific compo-
nents of a sample to be selectively excited by absorbing this light to emit US. Lasers are also able
to deliver short yet powerful pulses of light, such that the duration of tissue excitation via laser
light is practically instantaneous compared to the time taken for US waves to travel to the surface
to be detected. A benefit of PA imaging is that pre-exisiting clinical ultrasound probes are able
to be used for the detection of PA waves, making PA imaging a very feasible technique for use in
a clinical setting soon.

PA imaging is a promising modality for functional studies of biological systems as it focuses
on optical contrast instead of the acoustic impedance used in US imaging. Chromophores are the
part of a molecule responsible for its color and are abundant in certain features of tissue. Some
examples of optically active tissue components include haemoglobin, water and lipids [1].

2 Pencil Lead Phantoms-LDV

2.1 Overview

For this experiment we embedded a piece of pencil lead (0.7mm) in phantom tissue. The phantom
tissue was made of 1g agar, 1mL intralipid and 200ml of water.
To record the PA arrivals a Polytech laser Doppler vibrometer (LDV) was used. This sends a laser
beam with a single frequency onto the surface of the sample, which reflects back to the detector
from retro-reflective tape sitting on its surface. As the sample’s surface moves, the reflected beam
will experience a frequency shift, which can be decoded to give the surface displacement as a
function of time. A diagram of this set-up is shown in Figure 1. The sampling rate is 20M samples
per second, meaning the greatest frequency we can observe is 10 MHz (Nyquist).
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Figure 1: This diagram show a plan view of our set up for
recording PA waves through the phantom tissue. Laser light
is incident on the phantom from the OPO (optical parametric
oscillator) using a series of mirrors. The vibration is detected
on the opposite face by a LDV. The phantom is a cube of
phantom jelly with a pencil lead standing vertically in it.
There is a piece of retro-reflective tape on the face where the
laser Doppler vibrometer beam hits the surface, to aid this
beams reflection.

For the laser excitation, we used
an Optical Parametric Oscillator
(OPO) at 680nm which is absorbed
by the lead [8]. The experiment was
repeated 50 times, and the result-
ing PA waveforms from the LDV
were averaged. The experiment
was then repeated for 4 different
lead diameters: 300, 500,700, 900
µm.

2.2 Findings

Using a single point ultrasound de-
tector (LDV), a PA study of a pen-
cil lead in phantom tissue was un-
dertaken. Given the arrival of PA
waves at the detector, seen in the
top plot of Figure 2a, possible PA
sources and paths within the phan-
tom were determined. Unique peak
frequencies for each of the different
diameters of pencil lead could not
be distinguished as the frequency
spectra are not significantly different for each diameter of lead. This is shown in the bottom
plot of Figure 2a. The signal observed at the face of the phantom will have a reduced high-
frequency content due to attenuation that occurs between the lead to the detector. This means
that the predicted peak widths will not correspond to a length equal to the diameters of the leads,
however increases peak widths did correspond to an increase in lead diameter as seen in Figure
2b.

(a) The top plot shows the PA waveforms for each of the
lead diameters. On the bottom is the power spectral den-
sity of the signals.

(b) This plot shows the full width and the
full width at half-maximum of the PA signal
that originated at the pencil lead against the
lead diameter.
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3 Imaging Pencil Leads with Verasonics

3.1 Overview

In this experiment, we aimed to move beyond a single PA detector to an array. For this we used
a Verasonics clinical ultrasound probe to detect PA signals across the probe’s 128 sensors. By
having more sensors and knowing their spatial arrangement along the probe, images can now be
reconstructed to create B-scans, using light to excite US waves generated at an optical absorber
(pencil lead in the experiment). Once again we used the four different diameters of pencil lead
with the intention to distinguish their size based on the images created.

Figure 3 shows the set up of this experiment. To create an image the, OPO was pulsed with
a very small pulse duration (on the order of nanoseconds) with a repetition rate of 20 Hz. For
each repetition the Verasonic probe recorded the arrivals of the PA signals, sampling at 31.25M
samples per second, with 1280 samples taken per repetition. We attempted to take 50 records per
pencil lead, however, due to a bug in the code, only one record per lead was taken, so no averaging
of waveforms could occur. The laser trigger and data recording were performed using a script in
Matlab.

3.1.1 Image reconstruction

Figure 3: Table top set up for the PA experiment
using the Verasonic system as the detector and
different diameters of lead. The experiment took
place in a large Pyrex dish filled with water. The
lead sat between two supports on the bottom of
the dish. The laser was manipulated into the
side of the dish via an optical fibre, with a lens
to focus the beam into this fibre near the OPO.
The ultrasound probe sat above the dish with the
probe tip submerged.

Image reconstruction for data collected from
the Verasonic system was undertaken in Matlab
using the conventional delay-and-sum method.
Initially the speed of sound (SOS) in the
medium was defined as 1500m/s to get a basic
image. Then different SOSs were tested to de-
termine the SOS which created an image with
the greatest quality. A mesh grid was created
where the spatial arrangement of the sensors in
the probe was on the x axis, and the depths
probed were the y-axis. Then for every sensor
position along the x-axis, Pythagoras is used
to determine the distance from that sensor to
each pixel. The delay is found by dividing this
distance by the speed of sound. We then inter-
polated the signal data for this delay time for
each pixel relative to that specific sensor. Each
sensor’s mesh is combined in a matrix which is
resized to match the size of the image mesh.
The envelope of this matrix is plotted to give
our reconstructed image.

3.1.2 Speed of sound optimisation

In order to reconstruct the clearest images the
SOS used in the data processing step above
must be chosen correctly. To do this we used a
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Figure 4: Image reconstruction for each of the different diameters of pencil lead. Vertical and
horizontal cross sections through the centers are shown to display the image envelope through the
centre of each lead. For these images, the speed of sound was set to 1507/s as determined by the
focusing function method. Top L-R: 0.3mm, 0.5mm. Bottom L-R: 0.7mm and 0.9mm.

toolbox in Matlab called k-wave [9] and a script
called focusingfunctions.m [10]. This script creates a 3D stack of images (like pages in a book),
where each ”page” is an image created using one of the SOSs being trialled. The script determines
how focused the image is at each SOS using a variety of focusing methods [9]. Each method in
the focusing function is plotted to show how the different methods determine the focus for each
speed of sound. These methods should converge on the SOS that gives the best image resolution
and should match the true speed.

3.2 Findings

By introducing an ultrasound detector with 128 sensors, images could be reconstructed based on
excitation of pencil leads with four different diameters using 680 nm light, as seen in Figure 4.
The SOS used for the image reconstruction was optimised to give the most focused images.
The pencil lead is under-resolved in each image with a low SNR. The shapes of the leads are not
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the crisp disks we would expect for cross-sections through pencil leads. These images are of poor
quality because they were created from only one scan. If we were able to average 50 wavesforms to
recreate this image, noise would be weaker. As a result the contrast between the lead signal and
the surroundings would be higher leading to the creation of higher-contrast images. Furthermore,
most of the detail that can be contained within a PA signal is the high frequency component,
which attenuates quickly within the water before it reaches the detector, hence the equality of our
images will never be perfect with this set-up.

4 Flow Sensing with Verasonic

4.1 Method

Figure 5: PA Flowmetry set-up. The red box is the
pump which pushes a syringe full of ink through the
tubing. The laser is shown on the left face of the glass
pyrex dish, and the ultrasound probe is suspended into
the water from above with the tip submerged.

For this first flow measurement we tried
to repeat the findings of Yao [12] by ob-
serving a Doppler shift in the frequency
domain as the flow speed changed. In our
experiment, our light signal will only be
temporally modulated (pulsed) not spa-
tially. To find the range of velocities
to trialled in this experiment, the max-
imum velocity that could measured had
to be determined. This was limited by
the temporal separation between consecu-
tive images formed, which was limited by
the laser repetition rate and the Nyquist
limit: fmax,Doppler = fslowtime/2, [11],
where fslowtime is our laser repetition rate.
Now the Doppler shift for PA modulation
is :

∆f = f0
vflow
vs

cosθ

Where ∆f is the Doppler shift, f0 is the transducer frequency, vflow is the flow speed and vs
is the speed of sound in the medium. To find the maximum flow velocity, the maximum Doppler
shift corresponds to fmax,Doppler above. By equating the two equations and rearranging for vflow
with θ = 0;

vflow,max =
∆fmax

f0
vs =

fslowtime

2f0
vs =

20Hz × 1500m/s

2 × 7.5 × 106Hz
= 2mm/s

Once the data was acquired, we reconstructed a series of images like frames of a movie, and
picked one point in each of these images to observe as time progressed. The power spectral den-
sity of this signal would be obtained for each of the speeds used, and a shift in this signal due to
changes in flow speed should be observed. The experimental set up is shown in Figure 5.

In this experiment we chose to look at 3 different flow speeds in the tube; 0mm/s, 1mm/s,
and 2mm/s. For each of these speeds 1000 PA excitations were undertaken using the same laser
parameters as in the previous section. The tubing used had an internal diameter of 3.175mm and
an outer diameter of 4.775mm, while the ink in the tube is 100% India ink to ensure maximum
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PA absorption.

To run the experiment, 1000 images at each flow speed and each orientation (perpendicular
to probe and parallel to the probe, referred to as ”longitudinal”) were taken. To take an image,
a short laser pulse is fired and the ultrasound probe’s 128 sensors record the arrival of PA waves
across the detector. 1280 samples are recorded within each repetition, with the same sampling
frequency as in the previous Verasonics experiment. The laser repetition rate was 20Hz, so each
flow speed and orientation took 50s seconds to record. Image reconstruction and SOS optimisation
were undertaking in the same manner as in the previous Verasonics experiment. An optimum SOS
of 1500m/s was used for all flow speeds and orientations. Only an optimum SOS could be found
for the perpendicular orientation as the longitudinal focus increased with SOS beyond a physically
possible value.

4.2 Sensor Data and Image Processing

In order to observe a Doppler shift, the sensor and image data for each frame can undergo several
processes in an attempt to extract useful information. The raw data from the Verasonic system
can undergo bandpass filtering and apodisation. The reconstructed image data can undergo Prin-
cipal Component Analysis (PCA) or Single Value Decomposition (SVD) to distinguish between
stationary and flowing regions [5].

• Bandpass Filter: removes frequency extremes. This has the effect of being able to remove
high frequency noise which can clutter a signal to make the useful underlying signal more
obvious. In the study done by Bucking [4], it was found that performing a high-pass filter was
crucial to ensuring flow-speed was not overestimated when using a cross-correlation method
for velocity mapping.

• Apodisation: a process used to smoothly bring a signal down to zero, minimising oscillations.
As a result it is known as a tapering function and has the effect of reducing side lobes on
signals at the expense of resolution. In this analysis, Hanning apodisation is used.

• Singular Value Decomposition (SVD): used to reject clutter in our images [5]. It utilises
the different properties of our sample’s components including spatio-temporal coherence
(STC) to distinguish blood (ink) from tissue (water). If a pixel’s STC is low (such that it
varies greatly over the course of 1000 frames), it is attributed to noise, mid-range STC is
attributed to blood flow and low STC is attributed to stationary tissue. Threshold singular
values are defined to remove noise and possibly stationary signal, leaving behind image that
corresponds to the region where flow occurs.

4.3 Results

4.3.1 Images

The images seen in Figure 6 do not show significant differences in image clarity between the
different image processing methods used. For the perpendicular images, the apodisation process
reduces the streaks (grating lobes to due to finite aperture), coming from tube. The band-pass
filter makes the PA signal stronger and take up more space in the image. The combination of
the bandpass filter and apodisation creates the best image, where streaks are minimised and the
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Figure 6: Above shows how the different image processing techniques changed the resulting image
envelopes for both longitudinal and perpendicular images. All of these images are an average of
the 1000 frames taken when the flow was stationary (V=0mm/s).

greatest area of the inner tube is illuminated. As for the longitudinal orientation, the difference
between the images created is very small. The apodization process probably has the greatest
effect on the image by decreasing artifacts above the tube, caused by PA reflections within the
lens. However, this process is more effective at suppressing noise on the right hand side than the
left. I suspect there was an air bubble on top near the centre of the tube as shown by the little
white dot.

4.3.2 SVD

The SVD images are shown in Figure 7 for our band-pass filtered and apodised images, at the
three different flow rates. Using a threshold value of 1 < λi < 5, the images after SVD show
a strong signal due to the PA emission, and have no streaking patterns or noise seen as in the
images before. As we are only removing low value λs, we are only removing low STC noise signal.
We do not see mid-range STC corresponding to flow due to a lack of heterogeneity in the blood
mimicking fluid. Overall, this method was ineffective for observing flow, however it was able to
separate signal from noise to make our PA images much clearer.

4.3.3 Frequency Investigation

Initially, we tried to observe a peak in the frequency spectrum for the sensor data (either raw,
bandpass filtered, apodized, or both filtered and apodized), by observing a point in each frame’s
PA signal that originated at the tube. This point’s evolution over all of the 1000 frames was
observed by applying a Fast Fourier Transform to it. The FFT for all of the different types of
sensor data showed no trends or significant peaks corresponding to a Doppler shift due to flow in
the tube, hence none are shown in this report. We then tried to take the average value of a 5x5
pixel area for each frame in region of signal that originated in the tube but the resulting frequency
spectrum was still noisy and had no significant peaks due to a Doppler shift.
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Figure 7: Images above show the image powers after SVD was
performed on images that were previously bandpass filtered and
apodised, at the 3 different flow speeds studied. We removed im-
ages with singular values greater than 5, as these have low STC so
are attributed to noise. As we only have strong STC signal (ink) and
weak STC, mid λi values that would be attributed to flow are not
observed

For each of the flow
speeds and image process-
ing techniques used, the
value of a pixel at a light
and dark location on each
reconstructed image was
taken for each of its 1000
frames to create a signal.
The light spot refers to
a well-illuminated patch in
the tube and the dark spot
to a dark region where we
would expect to see a PA
signal from the tube. A
Fast Fourier Transform was
done on each of these sig-
nals in the hope of observ-
ing a peak at either 0Hz,
5Hz or 10 Hz, depending on
whether the flow speed was
0mm/s, 1mm/s or 2mm/s
respectively. Unfortunately
no such trend was observed and all the frequency plots were random and noisy. Like before a
5x5 pixel area around the light and dark pixels chosen before were averaged for each of the 1000
frames and the frequency spectrum observed. This still had the same noisy signal with no promi-
nent peaks due to a Doppler shift. The same was also done for the SVD images with the same
outcome.

4.4 Discussion

In Figures 8a and 8b, the true tube dimension have been superimposed over the top of the im-
ages to show what the PA images are representing. The perpendicular image shows that the PA
absorption is much stronger on the right side of the tube, which faced the incoming laser light.
As a result, the left side isn’t well-illuminated, so it doesn’t emit PA waves, hence why it appears
dark on the reconstructed images. This image confirms that most of the light is absorbed by
the ink in the tube and not by the tube itself, which means the tube is effectively invisible in
this study. Another reason why the far side of the tube was dark may be that the tube was too
wide and the ink too absorbing to allow light to pass to the other side. As for the longitudi-
nal images, the tube shape is a more realistic than in the perpendicular ones. There are a large
number of artifacts observed above the tube which are likely to be reflections generated in the lens.

Ultimately we were unable to determine the speed of the fluid in the tube via PA imaging. This
due to the homogeneity of the India ink at this resolution as a result of the tiny size of the carbon
colloids in the ink. Even if we were able to observe the flow, we would tend to under-measure the
flow speed as most of the PA absorption occurs near the sides of the tube where the flow is slowest
due to friction with the tube walls. This neglects the fastest part of the tube, so that the signal
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(a) In the diagram above, the perpendicular image
with the bandpass filter applied is shown with the
true tube dimensions superimposed over the top.
The inner circle marks the internal diameter and
the outer ring the external diameter.

(b) In the diagram above, the longitudinal image
with the bandpass filter applied is shown with the
true tube dimensions superimposed over the top.
The inner box marks the internal diameter and the
outer box is the external diameter.

Figure 8: The pictures above show the reconstructed images with the true tube dimensions su-
perimposed over the top

observed would only be from the slowest flow regions and not representative of the average flow.

4.4.1 Improvements

To achieve PA emission from the middle of the tube to observe a more complete image we could
dilute the ink so light can penetrate deeper before being absorbed and use a thinner tube. To get
a signal from the whole tube, a diffuser could be added to spread the light, so it is absorbed from
all sides, evenly emitting PA waves for more accurate image reconstruction. To improve image
quality, speckle patterns could be added [7]. This can be done dynamically by adding a rotating
speckle disk [6] in front of the laser. Speckle is invaluable in US imaging, however PA imaging
is speckle-free as imaging results from optical absorption contrast [7]. The reason we could not
observe flow in our images is that our fluid was homogeneous, due to the small size of the ink
particles. Heterogeneity can introduced by adding relatively large polystyrene particles [3], [2] to
extract a PA signal with a strong enough Doppler shift to be observed using the FFT and SVD
methods. This will have the advantage of better replicating red blood cells, which is ideal as
eventually we hope to use this technique for real-world medical applications. We could also use a
different method to observe flow. Cross-correlation (CC) between subsequent frame’s tube signal
region is used to find an average lag time, which can be used to work out the flow [3], [2], [4].
Finally to observe a wider range of physically relevant flow speeds, a laser with a higher repetition
rate or an US probe with a lower center frequency could be used.

4.5 Conclusion

By using our 128 sensor ultrasound probe and applying a variety of data processing techniques,
the image clarity was increased for both the perpendicular and longitudinal orientations. The flow
speed was unable to be determined as no Doppler shift could be observed in any of the frequency
spectra for both the data and the images across the 1000 frames taken in each experiment. SVD
was also unable to correctly attribute image regions to their flow speed and showed no change
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with varying flow speeds. For this experiment the India ink was effectively homogeneous so no
flow could be detected as the particles that make up the ink are too small and the fluid too dense.
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