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ABSTRACT
We present the continued development of a clinical ultrasound (US) imaging device with an enabled photoacoustic (PA)
mode. The combined USPA imaging platform is designed around a compact US component capable of B-mode, M-mode,
color Doppler, and pulsed wave Doppler US imaging with a 128 element US probe. The PA mode can support a 256
element PA probe over two 128-channel connectors with real-time 2D imaging at frame rates up to 20 Hz. PA signals are
amplified by a 40 dB pre-amp and have an additional programmable gain of 6-51 dB; US mode signals bypass the preamp circuit and have a time gain compensation control up to 40 dB. USPA represents a multifunctional imaging platform
that can produce quality anatomical and physiological images using the US modes and co-registered physiological and
molecular imaging using the PA mode. The software development kit (SDK) released with the device allows for
implementation of custom PA imaging algorithms and visualization. We demonstrate the USPA device’s capabilities using
a 5-14 MHz linear US probe to image phantoms simulating future clinical applications, such as blood oxygen saturation
and vascular development.
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1. INTRODUCTION
Ultrasound (US) imaging is an established, non-invasive, clinical imaging modality used for real-time anatomical and
functional imaging [1, 2]. Its shortfalls in functional imaging come from US’s ineffectiveness in specific detection of
endogenous chromophores [3]. Photoacoustic (PA) imaging is an emerging noninvasive imaging modality that excels in
the high-resolution detection of endogenous and exogenous chromophores by utilizing multi-wavelength light excitation
[4-9]. Through the exploitation of the optical absorption spectrum of unique tissue or contrasts, PA imaging can identify
the location and quantify relative concentration of a target using spectral unmixing techniques [10, 11]. Thus, a US
imaging device combined with a PA imaging mode would reap the benefits of anatomical and non-specific functional
imaging from US and specific functional and molecular imaging from PA [12-14]. A synergistic benefit of a USPA
system is that both modalities can use the same transducer to detect sound waves, reducing the necessity of complex
imaging system geometries, which is convenient for spatially registering US and PA images [15]. For these reasons, a
combined USPA imaging system would allow clinical researchers to use a familiar modality (US) and hardware (US
probe) while expanding the range of topics to investigate beyond the anatomical and limited functional imaging of US
and discover applications for PA in studies.
Continuing our previous work [16], we describe the continued development of an original equipment manufacturer
(OEM) USPA system, the MoleculUS (Figure 1:A), an ultrasound system with enhanced molecular imaging through a
PA mode. We then demonstrate the system using a US probe with integrated optical fibers and a nanosecond-pulsed
laser to image a spatial resolution phantom, a depth sensitivity phantom, and an in vivo human wrist.

2. MOLECULUS IMAGING PLATFORM
The MoleculUS is an OEM clinical US device with an added dedicated PA mode (Figure 1:A), the modes have separate
analog-to-digital (ADC) acquisitions systems. The USPA device has three main boards and an optional fourth board: US
device (Figure 1:B1); USPA adapter (Figure 1:B2); PA device (Figure 1:B3); optional extra PA preamp (Figure 1:B4).
The US device (Figure 1:B1) is an OEM clinical US device (ArtUS, UAB TELEMED, Vilnius, Lithuania) that has the
expected US modes (B-mode, M-mode, color Doppler, power Doppler, etc.) and a full software suite with software
development kit (SDK). The US modality is only compatible with TELEMED US probes or US probes that have been
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encoded with TELEMED firmware. Probes with channels up to 128 elements are supported for US and PA, 192 element
probes are supported with US only. The US ADC acquires data with 12-bit resolution and has a frequency range of 1.518.0 MHz with up to 40 dB signal gain.

Figure 1: MoleculUS system in housing (A). MoleculUS system without housing (B); USPA adapter board (1), US device (2), PA
pre-amp board (3), PA ADC (4).

The USPA adapter board (Figure 1:B2) interfaces the US and PA devices through use of a common probe connector
(QLC260, ITT Cannon, Irvine, CA, USA). The probe connector’s channels are routed to both the US and PA ADCs
(Figure 2). For the US signal path, the adapter board uses a multiplexer to transmit data to the US ADC though a 64channel connection. The US signal is beamformed and processed in the US device then sent to a PC, via USB3
connection, for reconstruction. The multiplexer switch is closed for a US acquisition event and open for a PA acquisition
event.
For the PA signal path, the adapter board has a switch that is open when the US mode is active, to guard against highvoltage transmit signals, and closed when the PA mode is active, to acquire the detected signals from the probe. This
protective T/R switch allows a 40 dB (50 Ω load over 0.025-45 MHz at -6 dB bandwidth) PA signal amplifier stage to be
integrated on the USPA board safely.
The PA device (Figure 1:B3) is an in-house OEM ADC board (LEGION ADC256, PhotoSound Technologies, Houston,
TX, USA) that was developed for acquiring PA data [17]. The PA ADC board has 256 channels across two probe
connectors, which are fed into four ADC 32-channel chips each, though only 128 channels are enabled for USPA
acquisitions. The ADC chips have a 12-bit acquisition resolution, a sampling frequency of 40 MHz, and an analog-frontend (AFE) capable of high pass filtering (cutoff between 75-150 kHz), low pass filtering (cutoff between 5-25 MHz),
and amplification (6-51 dB). The PA ADC has a field-programmable gate array (FPGA) controller for onboard
programming and transfers data to a PC via a USB3 connection. The 128 PA only channels can be used with an
amplifier (Figure 1:B4) if extra transducer channels are required. The 2D real-time reconstruction is limited to 25 Hz,
but the PA ADC board is capable of acquiring data at a repetition rate up to 200 Hz at 4096-points per data frame. The
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board has four possible trigger inputs: two electrical inputs with either 50 Ω or HiZ input impedance and two optical
photodiodes.

Figure 2: Block-diagram of the USPA device’s subsystems.

The USPA communication timing is such that the US mode can be continuously running, independent of the laser
excitation of the PA mode, until a PA acquisition event is detected, then the US acquisition event coinciding with the PA
event will be dropped (Figure 3). In this scheme, the US mode’s operational rate is not sacrificed to match the PA
mode’s repetition rate. It is also possible to match the US to the PA acquisition events with a specified delay. The delay
between the input trigger pulse and PA acquisition is set to 200 µs to suppress transient signals.

Figure 3: Timing diagram of the USPA system’s communication. Example with 10 Hz laser, US continuous mode.
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3. EXPERIMENTAL SETUP

Figure 4: Phantom experiment setup. Spatial resolution phantom diagram (A), spatial resolution phantom setup (B), full imaging
setup, except for the laser (C), depth sensitivity phantom diagram (D), depth sensitivity phantom setup (E), probe face with detector
array and fiberoptic outputs (F).

To get some first results using the USPA system, two phantoms were prepared and imaged: a spatial resolution phantom
(Figure 4:A,B) and a depth sensitivity phantom (Figure 4:D,E). The laser excitation source (Phocus Mobile HE, Opotek,
Carlsbad, CA, USA) had a repetition rate of 10 Hz and, when coupled with the probe’s fiberoptics, had a fluence of 2.60
± 0.07 mJ/cm2 at 800 nm, the wavelength used for the phantom scans. The US probe (OA-16-1S, Seno Medical, San
Antonio, TX, USA) was a 128-channel linear 38.4 mm transducer with an integrated fiberoptic bundle split into two
outputs (Figure 4:F). It had a PA central frequency response of 9.4 ± 0.9 MHz with bandwidth >80% and a US
frequency range of 5-14 MHz, the focal depth of the probe was 20 mm. The MoleculUS system was attached to the PC
via USB3 for both the US and PA modes and triggered by the laser’s electrical trigger output.
The spatial resolution phantom consisted of seven Ø50 µm black nylon monofilaments spaced vertically by 5 mm, with
a 5 mm initial depth from the probe face, in an acrylic box. The phantom was filled with a scattering medium of 13 parts
2% milk to 18 parts deionized water to mimic breast tissue [18]. The probe was fixed above the phantom with detector
array perpendicular to the length of the monofilaments (Figure 4:C). The depth sensitivity phantom had seven Ø810 µm
polytetrafluoroethylene microcuvettes filled with CuSO4•5H2O (143.2 g/l) µa = 4.3 cm-1 at 800 nm, the mean µa for
blood at 800 nm [19] (Figure 4:D). The microcuvettes were vertically spaced 10 mm and horizontally spaced 7 mm from
one another and had their cross-sections scanned three times, with a horizontal translation of the probe each scan to
acquire data from all microcuvettes. All scans acquired 100 frames of US and PA data, synchronized, with US T/R
frequency set to 12 MHz.
The spatial resolution phantom PA signals acquired were averaged and reconstructed with voxel size 20 µm. The
monofilament at depth closest to 20 mm had its horizontal and vertical line profiles fitted with a gaussian to estimate the
spatial resolution, using the calculated full width at half max (FWHM) as the estimate. The depth sensitivity phantom
also had its PA signals averaged, but reconstructed with voxel size 100 µm. The microcuvettes and local background
were segmented and the contrast-to-noise ratio (CNR) was calculated according to equation (1) [20].
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Figure 5: Imaging a human wrist in vivo with the USPA system.

Finally, using the same experimental setup, a human wrist was imaged in vivo while it was rotating. The PA
reconstructions are not averaged and have voxel size of 100 µm.

4. RESULTS

Figure 6: PA spatial resolution phantom image with “bone” colormap, US with greyscale colormap. A zoomed portion of the PA
reconstruction with modified dynamic range was analyzed for spatial resolution (A). The full PA phantom depth (B). The full US
phantom depth (C).

The PA image reconstruction of the spatial resolution phantom has all seven monofilaments visible up to a depth of ≈ 35
mm (Figure 6:B), matching the US image reconstruction of the same phantom (Figure 6:C). A zoomed in area of the
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monofilament closest to the probe’s focal depth, 20 mm, was analyzed for its PA spatial resolution (Figure 6:A). The PA
spatial resolution was calculated as 89 µm in depth and 309 µm in width.

Figure 7: Depth sensitivity phantom. The PA reconstruction images of the depth sensitivity phantom at two height windows (A, B).
The US reconstruction images of the depth sensitivity phantom at two height windows (C, D). The detected microcuvettes filled with
samples are labeled as PA/US (1, 2, 3, 4, 5).

The depth sensitivity phantom’s results show that the deepest visible sample in the PA image was the microcuvette at 35
mm (Figure 7:A:PA4) while the US image could detect deeper samples (Figure 7:A:US5). The CNR of each sample
visualized in PA is in Table 1.
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Table 1: CNR values of samples detected in PA images.

Sample depth (mm)

PA CNR

7

3.08

17

2.59

24

1.84

36

1.09

An example two frames, of the 100 acquired with motion, of the in vivo human wrist imaging are shown in Video 1.
Surface vessels are visible near the skin (depth 0-5 mm) and the radial artery can be seen pulsing at the beginning of the
video near the width 15 mm, depth 10 mm coordinates.

Video 1: Wrist PA and US images. Frame #33/100 US (A) and PA (B) reconstructed images. Frame #66/100 US (C) and PA
(D) reconstructed images. http://dx.doi.org/10.1117/12.2610099
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5. CONCLUSION
We detailed the hardware of a USPA imaging system, the MoleculUS, and its features. A phantom demonstration of the
MoleculUS was performed and we measured detection estimates of the described experimental setup. The PA spatial
resolution results show that, at the probe’s focal depth, the estimated depth resolution of the monofilament was 89 µm
compared to an actual diameter of 50 µm. The background noise of the full PA depth image (Figure 6:B) was substantial
and determined to be caused by electrical interference between the US/PA modes and will be accounted for in the future.
All seven high absorbing monofilaments are visible in the full depth PA image.
The tissue-mimicking depth sensitivity phantom’s interpolated PA results estimated the imaging depth of the setup to be
reasonable up to ≈ 23 mm for a CNR >2. The US results show the imaging depth to be further than the PA mode, up to
at least 65 mm (Figure 8).

Figure 8: US image of depth sensitivity phantom, phantom height window 35 – 65 mm, full depth scale from 0 – 80 mm.

The in vivo human wrist imaging video had superficial vessels visible as well as deeper tissue, such as the radial artery,
detected in both US and PA modes and is a promising first step in future clinical studies. All of the images were acquired
with a relatively low fluence of 2.6 mJ/cm2, well below the American National Standard (ANSI Z136.3) limitations for
800 nm (20 mJ/cm2), which suggests future studies with higher energies could have improved CNR results. Future
experiments with different probes and phantoms will be performed to further characterize the MoleculUS as well as
investigating more potential in vivo application of the system.
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