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ABSTRACT

A system for dynamic mapping of broadband ultrasound fields has been designed, with high frame rate photoacoustic
imaging in mind. A Fabry-Pérot interferometric ultrasound sensor was interrogated using a coherent light single-pixel
camera. Scrambled Hadamard measurement patterns were used to sample the acoustic field at the sensor, and either a
fast Hadamard transform or a compressed sensing reconstruction algorithm were used to recover the acoustic pressure
data. Frame rates of 80 Hz were achieved for 32x32 images even though no specialist hardware was used for the on-the-
fly reconstructions. The ability of the system to obtain photocacoustic images with data compressions as low as 10%
was also demonstrated.
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1. INTRODUCTION

Biomedical photoacoustic imaging', relies on the generation of broadband ultrasonic waves following the absorption
and thermalisation of a short laser pulse within a region of optical absorption in tissue. Measuring photoacoustic waves,
or indeed any ultrasound field, accurately requires arrays (or synthesised arrays) whose element sizes and spacings are,
ideally, smaller than the shortest wavelength measurable and with sufficient sensitivity over the bandwidth of interest.
For broadband detection over tens of MHz frequencies, such as are typically generated in biomedical photoacoustics,
there are only a few candidates that satisfy these requirements. Non-optical approaches for detecting high frequency
ultrasound include capacitive’ and piezoelectric devices™, although they are typically limited in bandwidth and
sensitivity at small element sizes, and the fabrication costs of arrays of more than a few hundred elements soon becomes
prohibitive. Optical approaches, which typically exploit optical resonance within the sensing device to obtain high
sensitivity, have shown greater promise. Examples include microring resonators’, domed microresonators® and Fabry-
Pérot (FP) etalons™. The latter have been shown to exhibit very wide bandwidths (>100 MHz), and exhibit high
sensitivity at small element sizes (<1mm).

Fabry-Pérot ultrasound sensors interrogated using point-by-point scanning”'® have been used for many years in
photoacoustic imaging, and have been shown to give exquisitely detailed images''. However, the speed of the data
acquisition is limited by the requirement to scan which limits it to imaging static or very slowly moving photoacoustic
images. To overcome this, multi-pixel cameras'>'* have been proposed, but they have low sampling rates or can
measure at only a few time points. It is demonstrated in this paper that by interrogating it using patterns set using a
digital micromirror device (DMD)"’, and working within a compressed sensing framework, allows real time capture of
dynamically changing ultrasound fields. This is a significant step towards high resolution, three dimensional, dynamic
photoacoustic imaging.
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2. R DESIGN AND OPERATION

To grasp the basic idea behind interrogating the FP sensor using a DMD rather than a single focussed beam, consider
the relationship between the time-varying acoustic field at a set of N points on the FP sensor plane, p;(t),...,py(t),
and the time series that are measured, s;(t),..., sy(t):
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For the case of the point scanner, the matrix M is to a good approximation the
identity matrix; the signals measured correspond to the time series at chosen points
on the sensor. When interrogating with the DMD scanner, however, the matrix M
is a scrambled Hadamard matrix, where each row is a (reordered version of a)
binary scrambled Hadamard pattern; see Fig. 1. Each time series measurement
with the DMD is therefore the summation of the time varying pressure at many

points on the sensor. The advantage of this method of sampling the field is that it is
amenable to the techniques of compressed sensing (see Section 2.2 below).
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2.1 Experimental Set-up

.. . . Figure 1: Scrambled
The Fabry-Perot ultrasound sensor (aluminium mirror coatings, S0um parylene 1yadamard matrices were used

spacer, glass substrate) was interrogated in a region of uniform sensitivity by a 2
cm diameter beam (Santec TSL-510 tunable laser source, IPG Laser GmbH
Erbium Fiber Amplifier EAD-4-L). The acoustic field at the sensor was thereby encoded onto the intensity of the
reflected light. The light was then reflected from the DMD (ViaLUX V-7000vis DLP, TI 0.7” XGA, 1024x768
micromirror array, pitch 13.68 pm, maximum binary frame rate 22 kHz) which patterned it sequentially with the chosen
measurement patterns, here scrambled Hadamard matrices. The strongest diffracted order from the DMD'® was
collected by a lens (focal length 25.4mm) into a customised InGaAs photodiode (G8376-03), which is equivalent to
performing an analogue spatial integral over the illuminated area of the FP sensor. This arrangement is shown
schematically in Fig 2. An oscilloscope (NI PCI-5114 digitiser, SOMHz sampling rate and 20MHz bandwidth) was used
to acquire the data, and LABVIEW was used to control the whole system.

as measurement patterns.
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Flipthoerectr N ¢ // 3 photoacoustic imaging experiment using
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2.2 Compressed sensing using scrambled Hadamard matrices

Consider a 2D function p(x, y), which represents the acoustic pressure on the surface of the FP sensor at a certain time.
The Nyquist-Shannon sampling theorem says that for a bandlimited function, ie. one with a finite maximum
wavenumber k,,,,, the exact function can be reconstructed from samples of the function if and only if the spatial
sampling frequency, kg, is greater than twice the highest wavenumber component, kg > 2k,,,4,. By using compressed
sensing, this limit can beaten when the function is known to have some structure, ie. it is sparse in some basis (eg. if it
is non-zero at only a few points, or consists of just a few wavenumber components). In other words it is possible to
recover it exactly using fewer measurements than Nyquist requires; however, the sampling scheme must satisfy certain
conditions (such as incoherence to the sparse basis)'’. For spatial sampling in 2D it is known that scrambled Hadamard
matrices — Hadamard matrices whose rows and columns have been permuted randomly — have nearly optimal
performance, in the sense that the number of measurements required for a perfect reconstruction is close to the
theoretical bound, and they can be used with many different sparse bases'®'” (see Fig. 1). When using compressed
sensing, the first M < N rows of the N X N Hadamard matrix were used (so M randomly selected patterns).

Two measurement schemes were used in the dynamic field mapping experiments. In the first mode the data was
measured, reconstructed using the fast Hadamard transform (with zeros replacing missing data as necessary), and
displayed for each frame before the data for the next frame was measured. In the second mode, the data was measured
continuously, with the patterns cycling through as necessary, without any breaks for reconstruction. The acoustic
pressure values on the sensor at time t, p, = Wa,, were then found by optimising the fit to the data whilst subject to a
constraint enforcing sparsity in the basis ¥. The SALSA algorithm®® was used to solve the minimisation:

1
ar = argmmz |o¥a, — Wt“% + allall;,
at

where @ are the scrambled Hadamard measurement patterns, w, the measured data, and « is a regularisation parameter.
Suitable choices for the sparsity basis ¥ include curvelets, wavelets and the identity matrix used here.

3. DYNAMIC FIELD MAPPING

To demonstrate the ability of the system to map dynamically moving acoustic fields in real time, a focussed ultrasound
transducer (Panametrics V319, 15MHz, 0.5” diameter, focal length 0.75”) was positioned above the FP sensor with the
focus close to the surface. It was driven by a power amplifier (Precision Acoustics, PA25-150) with the signal provided
by a signal generator (Agilent 33210A). The transducer focus was then moved manually to and fro across the sensor
while the system was mapping the ultrasonic field. To demonstrate the three-dimensional (x, y, t) nature of the data that
is recorded for each frame, and, more specifically, how changes in all 3 dimensions can be captured, the duration of the
tone burst — the number of cycles in the pulse — was changed in some of the examples.

3.1 Example 1: Offline reconstruction, 148 Hz frame rate

In this example the ultrasound transducer was driven with a 5 cycle tone burst. The system recorded and stored the data
for offline processing. For a 32x32 pixel image, 128 patterns, or time series, were recorded (12.5% compression). While
the ultrasound focus was moved across the sensor surface 400 consecutive data frames of 128 time series each were
recorded. The full set of time series data is shown in Fig. 3. There is no variation in the time of arrival of the pulse as
the transducer remained parallel to the sensor plane while it was moved laterally. The variation in position between
frames is not discernible from the time series, but can be seen in the reconstructed frames. The time series for each
frame were reconstructed into a 3D data set of acoustic pressure on the sensor, p(x,y,t); maximum intensity
projections of p over time are also shown in Fig. 3 for frames 50, 290 and 388. The maximum DMD pattern refresh rate
is 22 kHz (20 kHz was used here); the frame rate is limited by the number of patterns that are required per frame, and
that is dictated by the number of pixels required per frame and the compression that is achievable. The frame rate
achieved here was 148 Hz.
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Figure 3: Example 1, dynamic field mapping of the moving focus from an ultrasound transducer. The full set of
measured time series and 3 of the 400 consecutively recorded frames are shown.

3.2 Example 2: Offline reconstruction, 80 Hz frame rate (movie)

This example is similar to Example 1 except that the toneburst duration was varied every 20 ms (a rate of 50 Hz) so that
the advantage of using compressed sensing could be seen. In movie example 2a each 32x32 pixel frame was recovered
from 1024 measurements (no compression) giving a frame rate of only 20 Hz, whereas in movie example 2b just 256
measurements (25% compression) were used giving a frame rate of 80 Hz. The former is not fast enough to capture the
50 Hz variation in the toneburst duration but in the latter case it is, clearly showing the advantage of using compressed
sensing to achieve a higher frame rate. (The reconstructions in this example were with the fast Hadamard transform.)
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Movie 1: example 2a Movie 1: example_2b
http://dx.doi.org/10.1117/12.2081869.1 http://dx.doi.org/10.1117/12.2081869.2
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3.3 Example 3: Reconstruction on-the-fly, 9 Hz frame rate (movie)

This example is similar to Example 2 except that instead of reconstructing the data offline it was done on-the-fly
between frames. Also the toneburst duration was changed every 100ms (10Hz). Using dedicated hardware it would, in
principle, be possible to achieve real time frame rates limited only by the DMD refresh rate. In practice, without such
hardware, the real time frame rates achievable are limited by the time taken for the signal reconstruction (the fast
Hadamard transform) which here was implemented in Labview calling Matlab functions. In this experiment, the system
recorded, processed and displayed the acoustic field in real time at a frame rate of 9 Hz. The movie example 3 shows
that the variation in the position and the toneburst duration have been captured.
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Movie 3: example 3, http://dx.doi.org/10.1117/12.2081869.3

3.4 Example 4: Reducing the motion artifacts with compressed sensing

This final example demonstrates that compressed sensing can reduce blurring artifacts due to motion of the source, by
allowing a faster frame rate which can capture the faster movement. A focused tone burst is moved across the sensor,
and 1024 measurements were made (for an image with 32x32 pixels). In movie example 4a the frames were
reconstructed using 1024 measurements, but in order to increase the frame rate frames were calculated with sets of 1024
measurements overlapping by 256 frames. In other words, the data used in a frame has only 256 new measurements and
the other 768 measurements were shared with the previous measurement; a measurement can contribute to 4 sequential
images. Motion artifacts — a lag or tail to the moving spot — is clearly visible in the movie. In contrast, example 4b was
reconstructed using non-overlapping sets of just 256 measurements. In this case the lag has gone and the focussed spot
is not blurred across frames at different times. In these movies the reconstruction was done using the fast Hadamard
transform. A similar result (the same arrangement but a different data set and reconstructed using the SALSA
algorithm) is shown in the maximum intensity projections in Fig. 4. The images on the left (constructed with
overlapping data) suffer from considerable blurring due to the movement of the focus. In the images on the right this
has been avoided by using non-overlapping data and a compressed sensing reconstruction.
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Movie 4: example 4a Movie 5 example 4b http://
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Figure 4: Ultrasound focus moving from top right towards bottom left. (Left) Frames reconstructed using sets of 1024
measurements overlapping by 768 measurements showing considerable motion blur in frames 6-11. (Right) Frames
reconstructed using compressed sensing using non-overlapping sets of 256 measurements exhibiting no motion blur.

4. PHOTOACOUSTIC IMAGING

One application for dynamic ultrasound field mapping is photoacoustic imaging', in which ultrasound fields are
generated through the absorption of short pulses of light. By recording these acoustic emissions on the tissue surface it
is possible to infer the initial distribution of absorbed optical energy and hence the presence of absorbing structures,
such as blood vessels. To make full use of a dynamic mapping system such as this for photoacoustics will require a
laser with a suitably high pulse energy and a pulse repetition rate matching the DMD refresh rate. Repetition rates for
solid state lasers are increasing, and fibre lasers hold promise as high repetition rate sources in future. Here, we show
that this system has sufficient acoustic sensitivity to be able to measure photoacoustic images. Movies hair_100% and
hair 20% show photoacoustic images of a knotted hair recovered using 100% and 20% patterns; movies ribbon_100%
and ribbon_10% show photoacoustic images of a twisted ribbon phantom using 100% and 10% patterns.
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