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ABSTRACT

Light absorption by the chromophores (hemoglobin, melanin, water etc.) present in any biological tissue results in local
temperature rise. This rise in temperature results in generation of pressure waves due to the thermoelastic expansion of
the tissue. In a circular scanning photoacoustic computed tomography (PACT) system, these pressure waves can be
detected using a single-element ultrasound transducer (SUST) (while rotating in full 360° around the sample) or using a
circular array transducer. SUST takes several minutes to acquire the PA data around the sample whereas the circular
array transducer takes only a fraction of seconds. Hence, for real time imaging circular array transducers are preferred.
However, these circular array transducers are custom made, expensive and not easily available in the market whereas
SUSTs are cheap and readily available in the market. Using SUST for PACT systems is still cost effective. In order to
reduce the scanning time to few seconds instead of using single SUST (rotating 360°), multiple SUSTs can be used at the
same time to acquire the PA data. This will reduce the scanning time by two-fold in case of two SUSTs (rotating 180°) or
by four-fold and eight-fold in case of four SUSTs (rotating 90°) and eight SUSTs (rotating 45°) respectively. Here we

show that with multiple SUSTSs, similar PA images (numerical and experimental phantom data) can be obtained as that
of PA images obtained using single SUST.
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array transducers

1. INTRODUCTION

Photoacoustic imaging (PAI) is a hybrid biomedical imaging modality combining rich optical contrast and high
ultrasonic resolution [1-8]. PAI works on the principle of photoacoustic effect. According to this phenomenon, when a
pulsed laser beamis incident on any biological tissue, the chromophores present (such as blood, lipids, water etc.) absorb
this light energy and the tissue gets heated up in the order of milli Kelvin. Due to the thermoelastic expansion of the
tissue, photoacoustic (PA) waves are generated. These PA waves are detected by an ultrasound transducer around the
sample. Several reconstruction methods can be used to map the initial pressure rise distribution with optical absorption in
the tissue [9-17]. PA imaging has been employed for various applications such as small animal whole body imaging
[18], molecular imaging [19], thyroid imaging [20], carotid imaging [21], sentinel lymph node imaging [22], tissue
engineering [23], monitoring of blood oxygenation and deoxygenation levels [24] and so on [25, 26].

For deep-tissue imaging, circular scanning photoacoustic computed tomography (PAT/PACT) system is
employed [27]. In this system, a single-element ultrasound transducer (SUST) collects the PA signals around the sample
in full 2z rad. Usually, depending on the pulse repetition rate of the laser (Q-switched Nd:YAG laser [28]: 10-100 Hz;
state-of-the-art PLD laser [29]: 7 KHz), SUST needs several minutes to few seconds for data acquisition. This impedes
real-time monitoring of physiological changes that occur in fraction of seconds. Thus, to increase the temporal resolution
of the PACT system, researchers are using circular-array transducers. State-of-the-art circular full-ring array transducer
renders a very high frame rate of 50 Hz (each frame takes 0.02 sec) [3]. But this type of transducer is home-made and
requires complex back-end parallel signal amplifiers and digitizers making them highly expensive. So, SUSTs are still
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preferred as they are cheap and readily available in the market. For high frame rates as that of full-ring array transducer
based PACT systems, multiple SUSTs can be used.

If ‘n” number of SUSTS are used in a multi-SUST PACT system, the data acquisition rate increases by n-fold as
each SUST needs to rotate only 360/n degree around the target object. However, the major drawback in using multiple
SUSTs is that all of them cannot be placed experimentally at same distance from the scanning center. Each of them
rotates around the sample in concentric circles with slight difference in radius (~ 1-3 mm). This problem doesn’t exist in
case of full-ring array transducers as each sensor element is exactly at same scanning radius. To reconstruct cross-
sectional PA images, usually a simple delay-and-sum algorithm implementing back-projection technique is used. This
algorithm requires scanning radius as input from the user. Conventionally, trial-and-error method is being used to find
out the scanning radius. Since it involves human expertise to figure out, this method is inefficient and time -taking. Only
one reconstruction radius is to be found for circular array transducers and single-SUST based PACT systems. But in
multi-SUST PACT system, each SUST radius has to be found out because if a single radius is used for the combined PA
data from all SUSTSs, the target image is imperfectly reconstructed. The PA image looks distorted. As ‘n’ increases, this
distortion also increases. By using individual SUST radius, the target object can be perfectly reconstructed. Conventional
trial-and-error method to find these scanning radii is cumbersome. To circumvent this difficulty, there is a need to
automation of finding the reconstruction radius for all SUSTSs in a circular scanning multi-SUST PACT system.

In this work, we propose a simple calibration method to find automatically the scanning radius of each SUST.
We also demonstrate the importance of using different scanning radii for each SUST in a multi-SUST PACT system
scenario. The efficacy of the proposed method is shown by using a derenzo numerical phantom. We have also
experimentally validated this method using a point target phantom. To compare the quality of the reconstructed PA
images, Pearson Correlation Coefficient (PCC) metric was used for numerical phantom and signal to noise ratio (SNR)
was used for experimental phantom.

Table 1. Sensor specifications

Transducer Radius SNR (dB) Bandwidth Sensitivity

# (mm) (%) (%)
SUST1 40 40 70 100
SUST2 41 31 68 97
SUST3 37 25 72 95
SUST4 43 37 74 94
SUST5 39 34 66 93
SUST6 42 26 71 9%
SUST7 38 28 69 92
SUST8 40 32 73 91

2. MATERIAL AND METHODS

2.1 Numerical simulations

k-wave toolbox [30] in MATLAB was used for all numerical simulations. The computation grid consists of 900 X 900
pixels (0.1 mm/pixel) surrounded by a perfectly matched boundary layer. Different parameter specifications for sensors
SUST1 to SUST8 are shown in Table 1. All transducers have central frequency of 2.25 MHz and 13 mm diameter active
area. We have simulated the PA data with different scanning radius for each SUST in order to replicate the real-time
scenario where each transducer rotates around the sample in different radius. We have also used different bandwidths,
SNR levels and sensitivity for each transducer as shown in Table 1. A derenzo numerical phantom was used [Fig. 1(c)].
In case of 2-SUST PACT system (n = 2) scenario, SUST1 and SUST2 were used for acquiring PA data at 100 sensor
location each. In case of 4-SUST PACT system (n = 4) scenario SUST1 to SUST4 were used (each 50 detector
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locations), similarly for 8-SUST PACT system (n = 8) configuration SUST1 to SUST8 (each 25 sensor locations) were
used. All the simulate PA data were generated with a time step size of 40 ns and a total of 1350 time steps for derenzo
numerical phantom. The reconstructed PA images in all these scenarios were compared with that of images obtained for
single-SUST PACT systemscenario where SUST1 (200 detecting locations) was used.
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Fig. 1 (a) Schematic diagram of k-wave simulation geometry in MATLAB. Computational grid of 900 X 900 pixels (0.1 mm/pixel)
was used in all simulations. SUST: Single-element Ultrasound Transducer (b) Calibration method using a point source ‘P’ at
(550,550), r; nearest and r, farthest distances between point source ‘P’ and the transducer (c) derenzo phantom (d) schematic of the
experimental set up with four transducers, R/A/F: receiver, amplifier, filter; SM: stepper motor; P1, P2, P3: right angle prisms; L1:
Plano-concave lens; DAQ: data acquisition card, SUST1-SUST4: four single-element ultrasound transducers. (e) single point source
phantom used for calibrating radius (f) five point target phantom.

2.2 Calibration Method

A single-element transducer collects time-resolved PA signal called as A-line (here at 200 detecting location) around the
target object in full circle in a photoacoustic tomographic imaging system. Consider an arbitrary point source ‘P’ [Fig.
1(b)]. The A-lines at each sensor location have a peak amplitude at a particular time step. These time steps at which peak
amplitude is observed, gives us the distance between the point source ‘P’ and the sensor which can be calculated as:

distance (cm) = timestep * fi 1)
where c is the speed of sound in water (0.15 cm/ps) and f; is the sampling frequency (25 MHz). The point source will be
closest to the transducer at say r; distance at one of the sensor locations and will be farthest at another diametrically
opposite location say r, as shown in Fig. 1(b). Therefore, the reconstruction radius (r) can be calculated as:

_ ritn

= @

A MATLAB code was written to implement this algorithm. A point source was considered at (550,550) pixel

location and for each transducer SUST1 to SUST8 the reconstruction radius was calibrated by using the prop osed
method and found to be 40.08 mm, 41.10 mm, 37.05 mm, 43.02 mm, 39.03 mm, 42.06 mm, 38.04 mm and 40.08 mm
respectively. These calibrated radii were perfectly matching with the simulated ideal radius of each SUST (Table 1) with
a negligible error of 0.05 — 0.24%. This radius calibration for each SUST needs to be done only once for any transducer
configuration. Later the same radius can be used for reconstructing the PA images of any target phantom.

2.3 Experimental method

The experimental schematic set up is shown in Fig. 1(d). Laser pulses (5 ns pulse width, 10 Hz repetition rate at 532 nm
wavelength) from a Q-switched Nd:YAG laser were delivered on to the sample using three right angled prisms and one
Plano-concave lens. The optical fluency maintained was around ~ 9 mJ/cm? within the ANSI safety limits [31]. Four
SUSTs [SUSTL1 to SUST4 as shown in Fig. 1(d)] of 2.25 MHz central frequency with 13 mm diameter active area with ~
70% nominal bandwidth (Olympus NDT, V306-SU) were used for acquisition of PA data. The reconstruction radius for
all these four SUSTs were found by using the proposed calibration method. Initially, once the transducers were mounted,
a point source made of pencil lead (0.5 mm diameter) held using pipette tube adhered on acrylic slab [Fig. 1(e)] was
placed in an arbitrary location in the imaging region. The PA signals were collected around the sample in full 360 degree
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with all four transducers for 480s with a rotational speed of 0.75 degree/sec. The acquired PA signals were averaged into
100 A-lines. From these A-lines, the reconstruction radius for each SUST was computed using the proposed algorithm.
The reconstruction radii for SUST1 to SUST4 were found to be 71.82 mm, 72.96 mm, 71.16 mm and 69.12 mm
respectively. Then to experimentally validate the proposed method, we have used a five point target phantom [Fig. 1(f)]
consisting of one pencil lead placed at scanning center and others at ~ 1 cm fromthe scanning center. We have compared
the quality of the images obtained using multi-SUST system [each transducer collects 300 A-lines (n=2); and 150 A-
lines (n=4)] with that of the images obtained using single-SUST PACT system (600 A-lines) after reconstructing the PA
data using these calibrated radii. In all these scenarios the SUSTs were rotating at speed of 3 degree/sec. All the acquired
PA signals were recorded using a data acquisition card (Spectrum, M2i.4932-exp) inside a desktop after amplification
and filtering by a pulse amplifier (Olympus-NDT, 5072PR). Modified delay-and-sum algorithm was used in all the
reconstructions for numerical and experimental data [11].

3. RESULTS AND DISCUSSION

Figure 2 shows the reconstructed PA images for derenzo numerical phantom. The reconstructed PA image of derenzo
phantom obtained using SUST1 for a full 2z rad is shown in Fig. 2(a). The reconstructed PA images obtained for 2-
SUST PACT scenario are shown in Figs. 2(b, ¢, d). Figure 2(b) shows the reconstructed PA image obtained using
SUST1 from 0% to 180° around the target phantom. Figures 2(c) and (d) show the reconstructed PA images for the
combined PA data from SUST1 and SUST2 without and with radius compensation respectively. Similarly, for 4-SUST
PACT and 8-SUST PACT system configurations the reconstructed PA images are represented in Figs. 2(e, f, g) and 2(h,
i, j), respectively. The acquired PA data for each SUST was only 1809, 90°, 450 in case of 2, 4, 8-SUST scenarios. Hence,
the target object information contains small artefacts (blurring) as shown by red arrow marks in Fig. 2(b). All the circular
objects were not reconstructed in Figs. 2(e, h) (red arrow marks) as compared to Fig. 2(a). This is the limited view
problem [32] which can be avoided by using multiple SUSTs. The target image was not perfectly reconstructed when a
single reconstruction radius was used for all transducers in all the configurations (n = 2, 4, 8) as shown in Figs. 2(c, f, i).
This distortion in the reconstructed PA image was high in case of 8-SUST compared to 4-SUST and 2-SUST scenarios.
By using individual reconstruction radius for each SUST calibrated from the proposed method, the shape of the circular
objects was preserved as can be observed in Figs. 2(d, g, j). The quality of the images obtained for 2, 4, 8-SUST PACT
systems were compared with that of the images obtained for single-SUST PACT system using PCC values. The PCC
values for multi-SUST PACT scenarios were 0.63 for 2-SUSTSs, 0.63 for 4-SUSTs and 0.60 for 8-SUST PACT system
scenarios. These values were matching with that of the PCC value (0.62) in case of single-SUST PACT configuration.

Next, we have verified the feasibility of the proposed calibration method for real time experiments with a point
source phantom [Fig. 1(f)]. Figure 3 shows the reconstructed cross-sectional PA images of five points. The reconstructed
PA image for single-SUST PACT system scenario (SUST1 [Fig. 1(d)] rotating in 360°) is shown in Fig. 3(a). For 2-
SUST PACT system scenario (each transducer collecting the PA data only for 180°), the reconstructed PA images are
represented in Figs. 3(b, c, d). The reconstructed PA image obtained using SUST1 [Fig. 1(d)] acquiring the PA data from
0° to 180° is shown in Fig. 3(b). Figures 3(c, d) represent the cross sectional reconstructed PA images for the combined
PA data from SUST1 (0° to 180%) and SUST3 (180° to 360°) [Fig. 1(d)] without and with radius compensation,
respectively. Similarly, Figs. 3(e, f, g) represent the reconstructed PA images for 4-SUST PACT system. Figure 3(e)
represents the reconstructed image obtained for SUST1 (0° to 90°). Figure 3(f) represents the reconstructed PA image
using single reconstruction radius (here SUST1 radius) for the combined PA data obtained using SUST1 to SUST4 [Fig.
1(d)], each rotating 90° around the sample. Figure 3(g) represents the reconstructed PA image obtained for combined PA
data from all transducers SUST1 to SUST4 [Fig. 1(d)] using calibrated reconstruction radius (computed for single point
target using proposed method) for each SUST data. Due to limited rotation of the transducers in 180°, 90° in case of 2
and 4 SUST based PACT system scenarios, the point targets were not perfectly reconstructed as shown in Figs. 3(b, e)
compared to Fig. 3(a). This is the limited data problem [32] in photoacoustic and thermoacoustic tomography where the
transducer doesn’t collect the information around the sample in full 360°. To circumvent this problem, multiple SUSTs
can be employed to collect data around the sample in full 360 degree. By reconstructing the PA data (using single
reconstruction radius) collected from all transducers in each of the 2, 4-SUST based PACT configurations, the target
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Fig. 2 Cross-sectional reconstructed PA images of derenzo numerical phantom for configurations of (a) single-SUST PACT system
(b-d) 2-SUST PACT system, (e-g) 4-SUST PACT system and (h-j) 8-SUST PACT system: (b, e, h) reconstructed PA image for
SUST1 from 0° to 180°% 0% to 90° and 0° to 45° respectively, (c, d) reconstructed PA image for combined PA data using SUST1 and
SUST3 (each rotating 180°) without and with radius compensation respectively, (f, g) reconstructed PA image for combined PA data
using SUST1-SUST4 (each rotating 90%) without and with radius compensation respectively, (i, j) reconstructed PA image for
combined PA data using SUST1-SUST8 (each rotating 45°) without and with radius compensation respectively . Corresponding PCC
values are shown at the bottom in each image. Color bar is shown for all images on the left. Scale bar is shown in (a).

LS ) - le1es — ()
i2 5 4 (2 g *) § /\-3/\4) G 3 il
Smm 5 < = =
(g) +
3 ‘i‘ i 7))
-
min min min B

Fig. 3 Cross-sectional reconstructed PA images of point source phantom for configurations of (a) single-SUST PACT system (b-d) 2-
SUST PACT system and (e-g) 4-SUST PACT system: (b, €) reconstructed PA image for SUST1 from 0° to 180° and 0° to 90°
respectively, (c, d) reconstructed PA image for combined PA data using SUST1 and SUST3 (each rotating 180°) without and with
radius compensation respectively, (f, g) reconstructed PA image for combined PA data using SUST1-SUST4 (each rotating 90°)
without and with radius compensation respectively. Color bar is shown for all images on the left. Scale bar is shown in (a).
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phantom looks distorted as can be clearly seen in Figs. 3(c, f). This distortion was high for 4-SUST scenario compared to
2-SUST scenario. By using corresponding calibrated reconstruction radius for each SUST (calculated using the single
point target [Fig. 1(e)]), the target phantom can be perfectly reconstructed as evident in Figs. 3(d, g) similar to that in
Fig. 3(a). To compare the quality of the reconstructed images SNR was calculated for point target phantom. It was
observed that the SNR values for multi-SUST PACT scenarios (33.41 dB for 2-SUSTs, 33.27 dB for 4-SUSTs) were
similar to that of the SNR value of 33.35 dB for single-SUST PACT configuration.

3. CONCLUSIONS

In a delay-and-sum reconstruction algorithm, the reconstruction radius is as an important parameter for obtaining
perfectly reconstructed target image. In this work, we proposed an algorithm to calibrate this scanning radius for a
single-element ultrasound transducer in circular scanning PACT system. This circumvents the limitations in
conventional trial-and-error method to find the reconstruction radius. This calibration method is very helpful in a circular
scanning multi-SUST based PACT system as each individual SUST data requires the corresponding scanning radius for
obtaining perfect reconstruction of PA images. We have demonstrates the effectiveness of the proposed method using a
derenzo numerical phantoms) in case of 2, 4, and 8 — SUST PACT system configurations. The quality of the images
obtained for these scenarios were similar in terms of PCC metric values with that of single-SUST based PACT system.
We have also demonstrated the feasibility of the this calibration method for experimental data of a five-points target
phantom in case of 2, 4-SUST based PACT systems. The SNR levels of the reconstructed PA images obtained for these
configurations were similar to that of the single-SUST PACT system.
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