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Abstract

Synchronization is important for photoacoustic tomography but some fixed delays between the
data acquisition and the light pulse are a common problem degrading imaging quality. Here,

we present a simple yet versatile method named “Scissors” to help synchronize ultrasound open
platforms (UOPs) for photoacoustic imaging. Scissors is a programmed function that can cut

or add a fixed delay to RF data and thus synchronize it before reconstruction. Scissors applies

the programmable metric of UOPs and has several advantages: It is compatible with many

setups regardless of the synchronization methods, light sources, transducers, and delays. The
synchronization is adjustable in steps reciprocal to the UOPs’ sampling rate (20-ns step with
50-MHz sampling rate). Scissors works in real-time photoacoustic imaging, and no extra hardware
is needed. We programmed Scissors in Vantage UOP (Verasonics), and then imaged two 30-pm
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nichrome wires with a 20.2-MHz central frequency transducer. The PA image was severely
distorted by a 828-ns delay; over 90% delay was caused by our Q-switch laser. The axial and
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lateral resolution are 112 pm and 167 pm, respectively, after using Scissors. We imaged a human
finger /n vivo and the imaging quality is tremendously improved after solving the 828-ns delay by
using Scissors.
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1. Introduction

Photoacoustic (PA) tomography is a hybrid imaging moadality that uses a sound-in and light-
out approach [1]. When a pulse laser illuminates exogenous or endogenous contrast agents,
the absorbed light generates heat energy and induces acoustic waves that can be detected
by an ultrasound transducer [2]. Photoacoustic tomography offers high spatiotemporal
resolution and deep penetration and holds great promise for biomedical applications [3, 4].
There are two different types of photoacoustic tomography: One applies a single transducer
element that moves across the sample and collects the radio frequency (RF) signal at

each location. This is cost-effective but slow [5]. A second approach uses a transducer
array including linear arrays [6], circular arrays [3, 7], or 2D arrays [8] with tens or
hundreds of elements to collect the RF signal simultaneously. This method is expensive but
provides much higher frame rate for real-time studies [9]; however, this method requires
multi-channel ultrasound data acquisition systems capable of receiving and processing
massive RF signal in parallel [10].

Commercial ultrasound open platforms (UOP) with hundreds of channels are a powerful
tool in photoacoustic research [11]. UOPs provide great flexibility in system configuration
for both commercial and homemade transducers, real-time direct accessibility to RF

and imaging data, and easy incorporation of customized algorithms/functions [12]. It

is important for UOPs to provide trigger channels for synchronization in photoacoustic
imaging [13, 14]. Nevertheless, synchronizing UOP and pulsed light source can still be a big
challenge. A common example is the Verasonics Vantage UOP and OPO laser (OPOTEK).
There are three possible fixed delays in the photoacoustic imaging depending on the setup:
1) There is a delay between Q-switch-in trigger and laser pulse—the inherent Q-switch
trigger propagation time and the laser resonator build-up time in the laser (750 ns with

our laser) [15]; 2) Acquisition takes time to begin when Vantage receives a trigger from
laser, i.e., there is a delay in the overhead of direct memory access (DMA) initiation

and termination (15 ps in our case) [8]; and 3) There is delay when the Vantage output
trigger needs to be converted (150 ns with our pulse converter). The Vantage system

can only produce negative 1-ps-wide triggers while some lasers only recognize longer or
positive triggers [16]. Any of the above delays can cause asynchronization degrading the
imaging quality. For example, a 200-ns asynchronization between data acquisition and light
pulse will shift the PA signal by approximately 300 pm assuming the speed of sound is
1500 m/s. The asynchronization can dramatically decrease the resolution of high-frequency
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transducers, e.g., even a 200-ns asynchronization with a 30 MHz transducer can dramatically
compromise image quality. Moreover, the PA data will appear offset from its actual position
with worse resolution. This is particularly conspicuous when overlaid with the ultrasound
image.

Several methods have been proposed to solve this issue. Yoon et al. suggested using the

light pulse to trigger data acquisition for synchronization [16], but the data acquisition
(DAQ) system may need time for setup after receiving a trigger as described above. Wu et
al. proposed two algorithms that synchronize clinical ultrasound scanner for photoacoustic
without using triggers [17]. However, this method is limited to post-processing, which is
time-consuming. A potential solution to solve the delay issue is to add more delay to the
original to synchronize with the next subsequent event. For example, when data acquisition
starts 1-ms later than light pulse in 20 Hz, the data acquisition can be further delayed for 49
ms (49 ms= 1 s/20 Hz - 1 ms) to synchronize with the next light pulse. However, this method
can cause annoying jitter [12].

In this study, we propose a versatile method named Scissors that can help synchronize an
UOP with a light source for photoacoustic imaging: Scissors cuts or adds delays in the

RF data for real-time synchronization. Adding a delay to the photoacoustic RF data can
extend the focus depth of photoacoustic microscopy [18] and correct the speed of sound in
tissue [19]. Here, we use this method for synchronization, and found that it offers multiple
advantages: 1) Scissors works in real-time photoacoustic imaging, and no extra hardware is
needed. 2) The synchronization is adjustable in steps reciprocal to the UOPs’ sampling rate
(20-ns step by 50 MHz sampling rate). 3) Scissors is broadly compatible with many setups
regardless of the synchronization methods, light sources, transducers, or delays.

2. Methods

2.1 Scissors

We programmed Scissors as an external function of Vantage UOP (Verasonics, Inc.,
Kirkland, WA, USA). A sample script ‘SetUpL11_4vFlashAngPA.m’ was upgraded to
incorporate Scissors. Main objects including Receive, Recon, Reconinfo, Process, and
Events were redefined. A new function that can delay laser pulse in 4-ns steps was added.
We fixed two bugs from the sample script that make the Vantage output triggers unstable.
Our script ran with Vantage software release ‘4.5.4-2108261500° with Matlab 2020b, and it
is available in the Verasonics Community portal website (https://verasonicscommunity.com).

2.2 Vantage ultrasound open platform.

We used the Vantage system to receive, process, and reconstruct the PA and ultrasound
signal. It offers trigger in-and-out channels for synchronization. It has 256 channels in
parallel, with a 14-Bit (analog digital converter) ADCs operating at 62.5 MHz, which limits
the maximum sampling rate to be 62.5 MHz. The Vantage system has a master clock
working at 250 MHz.
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2.3 Hardware.

A commercially available transducer (L22-14vX; Verasonics, Inc., Kirkland, WA, USA)
received the PA signal with central frequency of 20.2 MHz and bandwidth of 14-22 MHz.
A tunable OPO laser (OPQOTek) is the light source operating at 680 — 970 nm at 20Hz.

The wavelength is fixed at 850 nm. The pulse width is 5-7 ns, and the pulse energy is

13 mJ. We used a fiber bundle (10 2.5-mm-diameter fibers) to couple light to the sample.
A function generator (33500B, Keysight) operating in burst mode was used to convert the
Vantage output trigger into positive 100-us Q-switch trigger. A photodetector (DET10A2,
Thorlabs) was used to detect the laser pulse. An oscilloscope (TDS 2022C, Tekronix) with
two channels was used to capture all the triggers including Verasonics output trigger (Data
acquisition) and the Q-switch trigger from the function generator.

2.4 Exvivo validation.

We used two nichrome heater wires (30 um diameter) as imaging sample. The wires

were put into a 3D-printed holder that keeps them parallel and 1.2 mm apart [20]. The
acquisitions were averaged twice decreasing the frame rate from 20 Hz to 10 Hz. The speed
of sound is set at 1510 m/s, which is an important variable for high-frequency imaging and
is associated with the purity of water and temperature [21, 22]. We defined the FWHM (full
width at half maximum) of the lateral and axial amplitude distributions of the wires as the
axial and lateral resolution, respectively [23].

3. Discussion & Results

We first introduce a common setup for PA imaging using the Verasonics Vantage system that
has fixed delays that lead to asynchronization and impact quality imaging. We then describe
our Scissors method, strategies to perform it in real time in programming, and then validate
it ex vivoand in vivo. Although Scissors was used with the Vantage system in this work,
other UOPs can be used as well because they have similar protocols for programming and
synchronization.

3.1 System setup and Imaging delays

There are various ways to synchronize a Q-switched laser with the Vantage system [13,
14]: The most popular one with the least jitter uses the Vantage system to trigger the laser
and is shown in Fig. 1(a) [12]. Its trigger flow is shown in Fig. 1(b). All the triggers are
measured by using an oscilloscope. Take the OPO Q-switched laser as an example: The
Vantage system receives a flash-lamp output trigger from the laser and waits for 250 ps for
optical laser built-up. At 250 us, the Vantage system starts data acquisition and generates

a negative output trigger simultaneously. The output trigger can work as a Q-switch trigger
which, unfortunately, is negative and only 1-us wide. It is not recognizable by many lasers.
Thus, we used a function generator to convert the output trigger as a Q-switch trigger to
the laser [16]. D @ Q) are the delays in the whole process: (D: Delay between flash-lamp
trigger and DAQ output trigger (250 ps) for laser optical build-up; @ Delay introduced

by the function generator (170 ns), which converts the Q-switch trigger. @ Delay between
Q-switch trigger and laser pulse (745 ns). These delays can be different with different laser
sources and pulse inverters. @ and Q) collectively lead to asynchronization between the data
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acquisition and laser pulse in our case. We measured this total delay across 10 replicates
as shown in Fig. 1(c) (915 ns on average with a jitter [24] of 4 ns). Note that laser jitter is
different from the asynchronization that we are solving. A jitter of 4 ns is considered to be
small: PA signal would travel ~6 um in 4 ns (1490 m/s = speed of sound). Therefore, the
effect of jitter should not be observable because our lateral and axial resolution are much
larger than 6 um.

To reveal the impact of this total delay in PA imaging, we acquired PA and ultrasound
(PA-US) images of two nichrome wires with a 20.2-MHz transducer (Methods). Fig. 1(d) is
the PA-US image in a cross-section view. The PA image is coded in red and overlaid with
the ultrasound image in gray. Clearly, the PA imaging quality is tremendously degraded by
the asynchronization because the wires are largely distorted into two curves. Moreover, the
wires are dislocated in the PA image where they appear 1.25 mm below their true position in
the ultrasound image. The dislocation indicates that the PA acquisition started earlier, which
in turn can help measure the total delay without using any extra hardware. By dividing the
dislocation with the speed of sound, we have (1.25 mm)/(1510 m/s) = 828 ns, which is 87
ns different from measuring the triggers (915 ns) in Fig. 2(b). Here, we identified a 828-ns
delay underlying the asynchronization.

3.2 Programming Scissors for synchronization

We programmed an external function named Scissors to help synchronize the RF data with
light pulse in real time. Since data acquisition starts earlier than the laser pulse causing the
asynchronization in Fig. 1, we use Scissors to cut away the extra RF data collected before
the light pulse and keep the rest RF data for reconstruction as shown in Fig. 2(a). The lateral
axis represents the element index of a transducer and the axial axis represents time. Each
grid takes 16 ns when the sampling rate is 62.5 MHz: (1 second) / (62.5 MHz) =16 ns. The
location of Scissors in pixels is determined by the Eq (1):

Delay
16 ns

(ScissorsLocation, Remain) =

0]

16 ns — Remain

Laser Delay = T7s

@

Eg. (1) indicates that the remaining asynchronization is the variable Remain, which is
reduced from 828 ns to less than 16 ns. The Scissors function can also add delays to
compensate the RF data in cases where data acquisition starts later than the laser pulse.
Vantage system has a master clock running at 250 MHz, which allows the delay of its output
trigger; hence, the Q-switch trigger and laser pulse move in steps of 4 ns (1 Second /250
MHz = 4 ns) relative to its data acquisition. In other words, we can move the light pulse
closer to the second row of the RF data (Fig. 2(b)) in less than 4 ns as determined in steps
by Eq. (2). The first row is cut away. Such a 4-ns synchronization is not necessary for most
high-frequency transducers. Nevertheless, the idea of combining Scissors and laser delaying
could bring more flexibilities for other UOPs and setups. All the channels have the same
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and fixed delay. This delay is measurable as described in Fig. 1. Scissors can automatically
compensate for this delay.

The programming flow of using Scissors in the Vantage system is shown in Fig. 2(c).
Ultrasound imaging and PA imaging are performed separately, and the US and PA RF

data are transferred to the computer using two ‘transferToHost’ commands separately. The
ultrasound RF data are transferred to an ultrasound receive buffer and the PA RF data are
transferred to a PA receive buffer. Scissors is defined as an external function, which cuts

the RF data from the PA buffer and transfers the data into a PA dummy receive buffer. The
Vantage system uses the PA dummy buffer for reconstruction. The three cartoon images
show that asynchronized RF data causes distorted and dislocated PA image and how Scissors
can solve these issues. To illustrate, all processes can happen in real-time in UOPs not just in
post-processing. The script is shared on Verasonics community website.

3.3 Phantom wire imaging

3.4 Tissue

We evaluate our Scissors method by using two nichrome wires as sample and a 20.2 MHz
transducer. The wires are put in water 10 mm underneath the transducer with 1.2 mm apart.
We acquired PA-US images with Scissors cutting the RF data at different time with respect
to laser pulse: =576 ns, —384 ns, =192 ns, 0 ns (synchronized case), 96 ns, 192 ns, 384 ns,
and 576 ns as shown in Fig. 3. The nichrome wires are largely distorted and dislocated in
the PA images when Scissors are 576 ns away from the laser pulse (Fig. 3(a) and 3(h)). As
the position behind cut is moved closer to the laser pulse from 576 ns to 192 ns (Fig. 3(a)
to 3(d)), the imaging quality is tremendously improved: The image distortion is solved, and
the wires in the PA image move closer to their real position in the ultrasound image. When
Scissors and the light pulse are at the same time as shown in Fig. 3(d), the PA image is well
overlaid with the ultrasound image, where the two wires are shown as two tiny spots with
the highest lateral resolution.

We measured the lateral and axial resolution by FWHM in the synchronized case to be 112
um and 167 pum, respectively (Section 2.4). The lateral and axial resolution in the ultrasound
imaging are 91 um and 120 pm, respectively. The lateral and axial resolution of PA imaging
with Scissors moving at different time with respect to light pulse is shown in Fig. 3(i). The
depth of the left wire with respect to its real depth is also plotted in Fig. 3(j). Obviously,

the asynchronization between RF data and light pulse causes lateral distortion of the image
and mainly impacts the lateral resolution of PA imaging and the depth of the wires in

the PA image. The axial resolution does not change significantly. Fig. 3 proves the super
flexibility of our Scissors method in adjusting the delay step by step from asynchronization
to synchronization.

imaging

We also evaluated our Scissors method /n vivo by imaging a human finger with a 30 MHz
transducer (LZ 400, Visualsonics, Canada). The finger is unfixed in water 10 mm underneath
the transducer. We acquired PA-US images without and with Scissors cutting the delay of
828 ns. Similar to Fig. 3(a), the speckle in the PA image is laterally distorted in the PA
images without using Scissors (Fig. 4(a)). Moreover, the skin surface is dislocated from the
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ultrasound image. The imaging quality is tremendously improved after using Scissors (Fig.
4(c)): The lateral distortion is solved, and the skin surface in the PA image is at the same
depth within the ultrasound image. Our in vivo experiment proves that the Scissors method
can fix the delay and improve the imaging quality for more biomedical applications.

4. Conclusion

In conclusion, this study demonstrated the ability of Scissors to help compensate the delay
between ultrasound open platforms (UOPSs) with light source for photoacoustic imaging.
Scissors relies on the great flexibility of UOPs in programming and manipulating the

RF data, which allows us to cut or add delays to RF data in real time and thus it is
compatible with many setups in photoacoustic imaging. We imaged two nichrome wires by
using Verasonics Vantage open platform and a 20.2 MHz transducer. The lateral and axial
resolution are as high as 112 um and 167 pum after synchronization, separately.
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Fig. 1. Asynchronization degrades PA imaging quality.
a) System setup. Vantage system receives flash-lamp trigger from laser, waits for certain

time for the optical-buildup of the laser, and then starts data acquisition. Upon data
acquisition, Vantage system generates a negative output trigger. Function generator inverts
the output trigger to positive Q-switch trigger and fires laser pulse. D @ Q) are the

delays introduced by Vantage system, function generator and Laser, respectively. b) Trigger
flow and Delays. (D — Delay between Laser-lamp trigger and Vantage output trigger (250
us), @ — Delay between Vantage output trigger and Q-switch trigger (170 ns), and @

— Delay between Q-switch trigger and laser pulse (745 ns). c) Total delay between the
Verasonics output trigger and laser pulse in 10 repeated measurements (/7=10). d) PA image
and ultrasound image of two nichrome wires. PA image is in red code and overlaid to the
ultrasound image in gray. The wires are 10 mm underneath the transducer and 12 mm apart
from each other. The scale bar is 1 mm.
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Fig. 2. Scissor s cuts RF data for synchronization.
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a) Synchronization in less than 16 ns. RF data collected before laser pulse are cut away.
Each grid represents one digital-converted RF data collected by one element, and it takes
16 ns for 62.5 MHz sampling rate. Lateral axis represents the element index and axial axis
represents time. b) Higher-level synchronization in less than 4 ns. Laser pulse is delayed by
delaying its Q-switch trigger in steps of 4 ns until it synchronizes with the second row of
RF data. The first row is cut away. ¢) Flow chart of sequence programming of one frame
with Scissors and Vantage UOP system. Ultrasound imaging and PA imaging are conducted
independently and sequentially. Scissors cut the RF data in PA receive buffer and put it into
a PA dummy buffer for reconstruction.
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Fig. 3. Validating Scissorsin ex vivo imaging.

Two nichrome wires were used as the sample. RF data are cut at different time with respect
to laser pulses and PA-US images are acquired in real time (a—g): =576 ns (a), —384 ns (b),
-192 ns (c), 0 ns (d), 96 ns (e), 192 ns (f), 384 ns (@), and 576 ns (h). Panel (i) shows the
lateral resolution (blue line) and axial resolution (red line) when Scissors cuts RF data at
different delays relative to the laser pulse. (j) The displacement of the left wire from its true
depth in the PA image at different delays.
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Fig. 4. Photoacoustic imaging of human finger without Scissors (a) and with Scissor s (c).
(b) and (d) are the corresponding ultrasound images.
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