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Abstraci—This article presents the first fully inte-
grated, highly compact single-element integrated gamma-
ultrasound (y-US) probe for simultaneous molecular and
anatomical imaging. The probe integrates a PZT-5A ultra-
sound (US) transducer with a Ce:GAGG scintillator and
silicon photomultiplier (SiPM), enabling dual-modality
detection along the same line-of-sight (LOS). The
tungsten-epoxy composite serves dual roles as both the
US backing layer and y collimator, making it innovative
and significantly reduces size and complexity. Fur-
thermore, a single-channel frequency-based multiplexed
circuit enables real-time dual-modality data acquisition
(DAQ). The y part of the probe achieves 17.3% energy
resolution (FWHM at 122 keV), 80.0 cps/MBq sensitivity,
and 2.69 mm spatial resolution at 1 cm distance in air.
The US component provides a 36.0% fractional bandwidth
(FBW), 5.95 dB signal-to-noise ratio (SNR), 1.32 mm axial
resolution, and 4.90 mm lateral resolution at 5 cm depth in
water. Finally, a fused B-mode image of a breast phantom
validates the probe’s imaging capability. This integrated
probe design offers a compact, cost-effective solution for
handheld medical diagnostics and nondestructive testing
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(NDT), with minimal performance trade-offs compared to standalone systems.

Index Terms— Hybrid Probes, scintillator, silicon photomultiplier (SiPM), ultrasound (US) probe.
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[. INTRODUCTION

N RECENT decades, surgical interventions have been
Itransformed by the widespread adoption of intraoperative
probes [1]. They have a range of applications, from accurately
localizing sentinel lymph nodes in cancer staging to guiding
complex procedures such as parathyroidectomy [2]. By inte-
grating diverse image modalities such as US [3], fluorescence
Raman spectroscopy [4], radio frequency (RF) [5], and nuclear
medicine (NM) using ionizing radiation [6]—intraoperative
probes now provide comprehensive anatomical, physiological,
and molecular information and have revolutionized the surgical
management of complex pathologies.

NM probes, such as gamma (y) and positron (87) probes,
are extensively used in intraoperative procedures, with the
y-probe being particularly common. These probes detect
ionizing radiation emitted by radiolabeled pharmaceuticals
within a patient’s body, providing insights at the molecular
or cellular level depending on specific radiopharmaceutical
used [7]. While certain probes, such as y-cameras, provide
2-D images of regions of interest (ROI), others, simply referred
to as probes, offer essential data regarding radiopharmaceu-
tical concentration in counts per second (cps). Despite their
high molecular sensitivity, y-probes lack anatomical context,
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Highlights

e A novel fully integrated, highly compact y-US probe along with frequency multiplexed single-readout circuitry
system for simultaneous molecular and anatomical information/image acquisition.

o Demonstrates optimal y (sensitivity, energy and spatial resolution, and side-shielding rate) and US (FBW, SNR, and
axial/lateral resolution) performance, with fused y-US phantom imaging.

o Significant advancement in compact integrated dual modality detector design and optimized cost-effective readout

circuitry for intraoperative procedures and NDT.

limiting their ability to provide integrated structural and func-
tional information during surgery [8].

Therefore, integrating y-probes with other modalities to
obtain complementary anatomical information shows sig-
nificant potential. Each modality—whether it be US [9],
near-infrared (NIR) [10], or magnetic resonance imaging
(MRI) [11]—has its own strengths and limitations. Integrating
these modalities can improve diagnostic capabilities, although
certain combinations may offer greater advantages than others.
For instance, a hybrid, y-NIR probe enables simultaneous
detection of radiotracers (molecular sensitivity) and visualizing
tissue perfusion and oxygenation (functional insight). How-
ever, NIR’s limited penetration depth restricts its effectiveness
to superficial tissues [12].

The US probes, recognized for their real-time capability,
noninvasive imaging of soft tissues, exhibit a wide range
of applications in disciplines such as tissue biomechan-
ics assessment, joint inflammation diagnosis, musculoskeletal
injury monitoring, and cardiovascular disease evaluation [13].
Integrating y and US detection functionalities within a sin-
gle probe offers significant advantages, allowing for the
simultaneous acquisition of detailed anatomical and molec-
ular information. This integration simplifies data acquisition
(DAQ), reduces procedural complexities, and ultimately
improves patient care and management [9].

Integrated handheld gamma-ultrasound (y-US) probes have
the potential to enhance both clinical and industrial applica-
tions by combining anatomical imaging with radiation dose or
defect monitoring. In radiation therapy, this fusion can improve
treatment precision and patient safety, while in nondestructive
testing (NDT), it offers deeper insights into material prop-
erties and defects [14], [15]. Their portability and real-time
imaging capabilities make them well suited for point-of-
care use. However, designing a compact, lightweight, and
power-efficient hybrid probe presents significant challenges.
Most current systems rely on separate readout electronics for y
and US modalities, which, while providing high performance,
increase system size, power consumption, and cost—Ilimiting
their clinical portability [16]. Additionally, prior approaches
often depend on simulations or standalone systems that require
postprocessing to align multimodal data [17]. To address
integration complexity, our previous PRF-based method [9]
acquired y signals during US idle periods, reducing system
demands but introducing dead time that compromised y
sensitivity.

We are developing a fully integrated handheld y-US
imaging probe for intraoperative applications and NDT.
This article presents preliminary results from the first fully

integrated single-element y-US probe and a novel single-
channel frequency-based multiplexed readout circuit. The
proposed design of the probe features a compact, dual-
modality y-US probe integrating a Ce:GAGG scintillator
with a PZT transducer. The innovative multiplexed readout
circuit leverages the frequency-dependent characteristics of
US signals to enable simultaneous y and US DAQ without
dead time or sensitivity loss. The combination of the compact
detector design and the multiplexed readout circuit offer a
cost-effective and handheld dual-modality imaging solution.

This article is organized as follows. Section II describes
the materials and methods, with five subsections cov-
ering (Section II-A) the standalone y-probe detector
design; (Section II-B) the standalone US probe detector
design; (Section II-C) the integrated y-US probe detec-
tor design; (Section II-D) the proposed frequency-based
multiplexing front-end circuit; and (Section II-E) DAQ and
processing. Section III outlines the experimental setup.
Section IV presents a comparative analysis of the standalone
and integrated probes performance, including imaging fea-
sibility and the evaluation of the proposed frequency-based
multiplexing front-end readout circuit. Section V discusses
the results and future research directions, and Section VI
concludes this article.

Il. MATERIALS AND METHODS

To assess the performance of the integrated y-US probe
detector, custom standalone y and US probe detectors were
developed as benchmarks. The following sections detail the
design, components, fabrication methods, and testing protocols
for each standalone probe to ensure accurate and reliable
performance comparisons with the integrated probe.

A. Standalone Gamma (y )-Probe Detector

In this study, a custom-designed standalone y-probe detec-
tor was developed as a benchmark for comparison with the
y- component of the integrated y-US probe. The detector
integrates a 2 x 2 x 15 mm? cerium-doped Gd3;Al,GazOy;
(Ce:GAGQG) crystal scintillator [18], [19], [20], mechanically
polished, wrapped in Teflon reflective tape, and optically
coupled to a 2 x 2 mm? silicon photomultiplier (SiPM)
(Hamamatsu S13360-2050VE) using optical epoxy. Addition-
ally, a cylindrical tungsten collimator (12 mm outer diameter,
30 mm length) with a 1.3 mm diameter, 15 mm deep bore
was used to achieve a 3.3 mm field-of-view (FOV) at a 1 cm
distance. The spatial resolution and detection sensitivity are
trade-offs to consider, and this FOV was selected to optimize
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Fig. 1. Schematic, design specifications, and a photograph of the cus-
tom standalone ~y-probe detector are presented. The probe integrates
a Ce:GAGG scintillator coupled to a SiPM for «y-photon detection, while
tungsten collimator ensures directional sensitivity.

geometric efficiency while maintaining resolution as confirmed
by >’Co point-source measurements [see Section IV-D]. This
design ensures sufficient sensitivity for low-activity tracers
(e.g., 3’Co or ®™Tc) without compromising target discrim-
ination. Tungsten was selected for its high atomic number,
density, stopping power, and cost-effectiveness compared to
alternatives such as lead [21]. The targeted y-energy of this
probe is to detect low-to moderate y-photons, that is, *™Tc
(140 keV, used in clinical settings) [22] and 51Co (122 keV,
used in this study). Fig. 1 shows a schematic with detailed
specifications and a photograph of the custom-designed stan-
dalone y-probe.

B. Standalone US-Probe Detector

Like the y-probe, a standalone US probe detector was
custom-designed and developed as a benchmark for assessing
the US component of the integrated y-US probe detector.
The US probe detector used a 0.2 mm thick PZT-5 A piezo-
ceramic element to achieve a 10 MHz center frequency. A
0.1 mm-thick EPOTEK-301 matching layer was applied to
the front face, and a tungsten-epoxy compound was used as
a backing material. The tungsten is an ideal candidate for
backing materials in US due to its higher acoustic impedance
and density, which effectively dampen backward waves and
signal reflections [23], [24]. The final US probe detector has
a cylindrical shape with an outer diameter of 12 mm, and
a height of 30 mm. Fig. 2 shows a schematic of the US
probe detector with design specifications, along with an actual
photograph.

C. Integrated y -US Probe Detector

In this proof-of-concept study, we developed the first
fully integrated y-US probe detector [25] shown in Fig. 3.
To reduce size and weight, we used a dual-purpose tung-
sten component that serves as both the y collimator and
US backing material, two of the most space-intensive parts.
This compact design maintains a shared line of sight (LOS)

120 Units: mm

0.1 <— Matching layer

<—— PZT
| Backing Material
(tungsten + epoxy)

Aluminum
Housing
<— (-) electrode
(+) electrode

30

L
Photograph of
US-probe

Side View Top View

Fig. 2. Schematic, design specifications, and a photograph of custom
standalone US probe detector are shown. The probe features a PZT-5
A transducer with 0.2 mm thickness and 0.1 mm matching layer. The
overall dimensions are 30 mm in height and 12 mm in diameter.

Units: mm
[l Matching Layer
W rzr

Tungsten + epoxy
[ Aluminum casing
30 I scintillator
Photodetector

@12.0

Photographs of Integrated

Top View Bottom View y-US probe

Fig. 3.  Schematic, design specifications, and photograph of the
custom-designed integrated y-US probe detector.

for both modalities without compromising performance. The
specifications of the y-component of the integrated probe
are kept the same as discussed in Section II-A (1.3 and
4.4 mm holes in tungsten-epoxy layer for y collimation and
scintillator-SiPM assembly, respectively) with targeted low-
to-moderate y energies, that is, PmTe (140 keV) or ¥Co
(122 keV). The integrated probe has the same transducer
specification as discussed Section II-B, that is, a 10 MHz
PZT transducer with similar matching and backing layers to
offer an axial resolution (~1 mm) with optimal penetration
(3-5 cm), ideal for superficial imaging like breast tumor
or lymph node localization. Its compact size favors
high-frequency use for better resolution in short-range appli-
cations. Furthermore, the white space in Fig. 3 shows air or
free space to provide a smooth collimation path for y photons.

D. Frequency-Based Multiplexing Front-End Readout
Circuit

In a previous study [9], we used a switching readout
method to share a single ADC channel between y and US
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Fig. 4. Schematic of the frequency-based multiplexed readout circuit is
shown, detailing all components from the detectors to postprocessing for
both the v and US probes. The raw signals are first preprocessed and
then combined via a summing amplifier, which multiplexes the y and US
signals. The resulting signal is digitized through a single channel of the
digitizer and transferred to the DAQ system for postprocessing.
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Fig. 5. Schematic of the front-end readout circuit used for y-probe and
~y-component of the integrated y-US probe detector signal acquisition.
The circuit includes CSA and PZC stages for processing the SiPM
output signal.
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Fig. 6. Schematic of the front-end readout circuit for the US probe and
the US component of the integrated -y-US probe detector. An active BPF
with a 1-15 MHz bandwidth was implemented for signal acquisition.

signals, but it introduced y dead time. Here, we present a
new frequency-based multiplexing approach that enables true
simultaneous acquisition on a single channel by exploiting
the inherent frequency separation between y and US signals,
eliminating delay and dead time (Fig. 4). Signals (y and US)
from integrated probe (Fig. 3) are simultaneously acquired and
preprocessed (Figs. 5 and 6) and combined using a summing
amplifier before being fed to the ADC for real-time analysis.

E. DAQ and Processing

Custom-designed electronics were used to acquire data from
the standalone y-probe, US probe, and integrated y-US probe.
The DAQ can be divided into three main steps: front-end

readout, signal processing, and post-processing. Dedicated
circuits were developed and optimized for each signal type—
y, and US—to ensure accurate and efficient DAQ.

1) y-Probe Detector Front-End Readout Circuitry: A custom-
designed charge-sensitive amplifier (CSA) and pole-zero
cancellation (PZC) circuit were implemented to process sig-
nals from the y-probe detector using a Ce:GAGG scintillator
and SiPM. The event rate is primarily determined by the
radioactive source’s activity and system factors such as detec-
tors and probe efficiency. When y-photons interact with the
scintillator, visible light is produced and detected by the SiPM,
which converts it into an electrical signal. The resulting pulse
rate is thus proportional to the source’s activity. We bench-
marked count-rate handling with a readily available °’Co
source that is often used in place of *™Tc used in clinical
setting (0.0355 MBq at time of experiment) to validate the
multiplexed readout and y-US detection under controlled,
nonsaturating conditions aligned with intraoperative y-probe
targets (~103-105 c/s, geometry/efficiency dependent). For
clinical workflows using “™Tc (10-100 MBgq, protocol-
dependent) as a detector probe, photon fluxes may be higher,
but our readout electronics (100-MHz field-programmable gate
array (FPGA), 1-us shaping) is designed to function with
negligible count loss at clinically relevant activities. The CSA
converts the charge generated by the SiPM upon detecting
y-photons into a voltage signal, ensuring high gain and low
noise to accurately capture the rapid, low-amplitude pulses
characteristic of the SiPM output. To refine the signal, the
PZC circuit compensates for the exponential decay of the
SiPM pulse, minimizing undershoot and improving baseline
stability [26]. This is achieved with a resistor-capacitor (RC)
network that cancels the pole introduced by the CSA, resulting
in a more accurate and stable output for subsequent processing.
The schematic circuit for pre-processing the y-probe detector
signals, including the CSA, PZC, and digitizer, is shown in
Fig. 5.

2) US-Probe Detector Front-End Readout Circuitry: Like the
y-probe detector readout, custom-designed electronics were
used for the US probe detector’s raw receive (RX) signal
acquisition and preprocessing. An active bandpass filter (BPF)
circuit with a bandwidth of 1-15 MHz was implemented for
signal conditioning. Additional RX circuit design can be found
in [9]. For this proof-of-concept study, we used a commercial
MD1213DB1 demo board. The board has a logic-controlled
input interface and supports high-speed pulses, with an output
stage capable of delivering up to £100 V with peak currents
of £2.0 A. To generate an 80 V,, signal, a commercial dc—dc
boost converter was used. For the MD1213DB1 input logic
control, a FPGA was configured to provide 3-cycle square
wave pulses with a central frequency (f,) of 10 MHz and pulse
repetition frequency (PRF) of 5 KHz. A circuit schematic is
shown in Fig. 6.

3) DAQ and Analysis: In this study, we used a commercial
digitizer (CAEN DT5730) with a 14-bit resolution and a
sampling rate of 500 MS/s. This digitizer facilitates commu-
nication and data transfer to the DAQ system via USB and
optical links. Acquired data was stored in the DAQ system
and analyzed using MATLAB, where key parameters were
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extracted, quantified, and visualized. The y-probe detector
and its y-US counterpart were evaluated based on energy
resolution (FWHM). Energy histograms were analyzed by
fitting exponential (Compton peak at the beginning of the
fitting), Gaussian (photopeak), and linear functions (straight
ending of the curve), with FWHM calculated using (1), where
o represents the Gaussian standard deviation. This method
provided a precise assessment of the probe’s performance

FWHM = 2,/2In(2) x o. (1)

In terms of US performance, both the SNR and fractional
bandwidth (FBW) were measured for detectors of both the US
probe and the integrated y-US probe. The SNR was calculated
using (2), where S represents the average signal intensity and
N represents the average noise intensity level

S
SNRdB = 2010g(ﬁ) (2)

The FBW was determined using (3), where f. shows the
center frequency (geometric mean for logarithmic responses,
and arithmetic mean for narrowband responses), fr, and fy
denote, lower frequency, and higher frequency at —6 dB points,
respectively [27]

FBW a5 = (%) x 100. 3)

The axial resolution of both the US component of the
integrated probe and the standalone US probe was determined
by measuring the length of the received (RX) echo pulse.
This echo pulselength was measured from the -6 dB width
of the envelope, and the axial resolution was calculated
accordingly using (4), providing a realistic estimate of system
performance [27]

. , cxt
Axial Resoultion = > 4)

where ¢ represents the echo length (time in us) of the Ry
echo pulse and c is the speed of sound in the medium. Finally,
we computed lateral resolution of both the standalone US and
US-component of integrated probes from the FWHM [see (1)]
of the US signals at various lateral positions.

In terms of frequency-based multiplexed signal readout
postprocessing, critical information such as detected y-photon
energy and count rate based on the energy window for >’Co
at 122 keV photopeak for y-probe and the US echo signal
amplitude and time difference between consecutive echoes,
the multiplexed y-US signal required to be demultiplexed and
separated into two separate signals (y and US).

To demultiplex the raw y-US signals acquired using a
single-channel readout circuit, low-pass, and BPFs (LPF and
BPF) were implemented in MATLAB. The LPF was set with a
cutoff frequency of 1 MHz to extract the y-signal, whereas the
BPF with a 1-15 MHz range effectively isolated the US signal
(US transducer f, = 10 MHz) from the multiplexed signal.
Fig. 7(a) illustrates an example of the raw multiplexed signal
containing both y and US components, while Fig. 7(b) and (c)
depicts the separated y and US signals following LPF and
BPF, respectively. Subsequently, the data was segmented into
1-s intervals using embedded timestamps. For the y signal,
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v-Signal
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Time (us)
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o
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0 e N\ NN~
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(c)

Fig. 7. (a) Raw data acquired using the proposed frequency-based
multiplexed method for simultaneous v and US signal readout via a
single channel. (b) and (c) Separated v and US signals, respectively,
obtained by an LPF and BPF to the raw multiplexed data. The results
show the accurate decoding of both modalities using simple postpro-
cessing, validating the effectiveness of the proposed single-channel
readout method.

a defined energy window of 100-133 keV (approximately
+18 keV) was then applied to isolate the photo-peak counts,
to evaluate CPS. US performance was evaluated by computing
SNR, FBW, lateral, and axial resolution.

IIl. INTEGRATED y-US PROBE DETECTOR
PERFORMANCE EVALUATION EXPERIMENTAL SETUP
AND FREQUENCY-BASED SIGNAL MULTIPLEXING
READOUT ASSESSMENT

The performance evaluation of the proposed y-US inte-
grated detector was conducted through a series of experiments,
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benchmarked against the standalone y and US probe detectors.
For the y-component in the integrated y-US detector, key
parameters assessed including sensitivity, spatial resolution,
side shielding of the collimator, and energy resolution. The
US component was evaluated based on SNR, FBW, axial
resolution, and lateral resolution, with results compared to
those of the standalone US probe.

The performance of the proposed frequency-based multi-
plexed y-US signal readout, data were acquired using both
dedicated y and US circuits (Figs. 5 and 6) and the integrated
single-channel multiplexed circuit. In terms of y-probe perfor-
mance, two fundamental key parameters, namely sensitivity,
and energy resolution, were compared with those obtained
from the dedicated y-probe readout, whereas the US-probe
parameters such as SNR and FBW were assessed. Further-
more, the proposed frequency-based multiplexing method was
compared to our previously reported switching-based readout
method [9], highlighting improvements in continuous acquisi-
tion without any dead time.

A. y-Component Performance Experimental Setup

All y-probe detector experiments were performed in the air
without any scattering medium using a °’Co (0.0355 MBgq,
M1-760, Eckert and Ziegler Isotope Products) sealed radiation
point source.

The sensitivity of both the y-probe and the y-component of
the integrated y-US probe was assessed using a >’Co radiation
source placed 1 cm away from the detector along the axial
direction. The probe remained fixed while the source was
moved in 1 cm increments up to 5 cm. At each distance,
the count rate measured in CPS was recorded over a 10-
min interval [Fig. 8(a)]. Similarly, the spatial resolution was
evaluated using the same setup as the sensitivity experiment.
The 3’ Co source was moved radially 8 cm from the center of
the collimator hole of the y-detector, with the axial distance
fixed at 1 cm and a step size of 0.5 cm. At each radial
step, the CPS was recorded over a 3-min interval, and data
were plotted against the radial step positions to find spatial
resolution [Fig. 8(b)]. Furthermore, the collimator shielding
tests were performed by positioning the 3’Co source 7 cm
away from each side of both the y-probe and the integrated
y-US probe detector. Counting rates (CPS) were recorded
for three different sides for each type of probe. Data was
saved for each position over 20 min [Fig. 8(c)]. Lastly, for
energy resolution measurement of both the y-probe and the
integrated y-US probe detectors, the >’Co source was posi-
tioned at the maximum sensitivity position of each probe.
Approximately 100 000 y-photons counts were recorded.

To generate the energy spectra, voltage pulses from individ-
val y-ray interactions were recorded over a fixed acquisition
period, with each pulse’s peak voltage corresponding to the
energy deposited by an incident photon. These peak voltages
were extracted during postprocessing to construct a histogram,
where the x-axis represents pulse height (in Volts) and the
y-axis indicates the event count per energy bin. An energy
window corresponding to the photopeakenergy (e.g., 122 keV
for 3’Co) was applied to exclude events outside the desired

Co-57 Source .!

%he.

Fig. 8. Photograph of the performance evaluation setup for the
~y-probe and the -y-component of the integrated v-US éarobe. (a) Sensitiv-
ity was measured by fixing the probe and moving the °”Co source axially.
(b) Spatial resolution was measured by moving the source radially and
(c) side shielding was assessed by irradiating the side of the probe with
the 57Co source.

range, thereby enhancing spectral resolution and reducing
background noise.

B. US-Component Performance Assessment
Experimental Setup

The key performance parameters such as axial resolution,
lateral resolution, FBW, and SNR of the US probe and its
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(b)

Fig. 9. Photograph of the performance evaluation setup for the US
probe and the integrated y-US probe detectors, illustrating the axial
(a) with a lead block target placed at 5 cm from the probe and (b) lateral
resolution experimental setup with acrylic wire target with a diameter of
1 mm was placed at a depth of 5 cm from the probe.

counterpart in the integrated probe were assessed experimen-
tally. For axial resolution, FBW, and SNR, the standalone
probe and the integrated y-US probe detectors were sub-
merged in water, with a lead block placed at 5 cm from
the probe, whereas an acrylic rod of 1 mm diameter used as
the target material for calculating the lateral resolution of the
probes.

The axial resolution for the US probe and the integrated
y-US probe detectors were measured using the experimen-
tal setup shown in Fig. 9(a). Similarly, Fig. 9(b) shows the
experimental setup for calculating the lateral resolution of
the standalone US probe detector and its counterpart in the
integrated probe detector. The acrylic target is fixed at a depth
of 5 cm in water, and the probe was moved in 0.5 mm steps
along the axial direction up to 5 cm from the center of the
FOV. The data were plotted against each position and FWHM
was computed.

C. Imaging Validation of Integrated y -US Probe Detector

In this study, we demonstrated the feasibility of acquiring
fused y-US image using our proposed integrated y-US probe
detector. As mentioned before, >’Co was used to simulate a
tumor with localized uptake of y-emitting tracers, mimicking
clinical scenario. To create a realistic tissue environment,
a commercial breast phantom (VK-10 221, gaMPT Ultrasonic
Solutions) was modified by carefully opening and filling it
with US gel. The phantom contained two targets positioned

y-US Integrated Probe

Fig. 10. Schematic of the experimental setup for assessing the imag-
ing performance of the integrated v-US probe detector. Simultaneous
acquisition of y-photons and US signals was conducted by scanning the
breast phantom containing a 3’ Co radiation source and a tumor target
with a 1 mm step size.

at 10 mm depth: a 25.4 mm diameter 57Co radiation source,
and 20 mm diameter tumor-mimicking object. The source was
located laterally at 17.7 mm (spanning 10-35.4 mm), and the
tumor mimic at 75.4 mm (spanning 65.4-85.4 mm), main-
taining a 30 mm separation for clear target distinction in the
B-mode image. The probe was scanned laterally in 1 mm steps
across a 100 mm path, simultaneously acquiring y-photon
counts and US signals at each position. The experimental setup
is illustrated on Fig. 10.

V. RESULTS

To comprehensively evaluate the proposed integrated detec-
tor, its ¥ and US components were individually compared
against standalone y and US probe detectors.

A. y-Probe and y-Component of Integrated y -US Probe
Result

The feasibility of the y-component in the integrated probe
was validated by comparing energy resolution, sensitivity, spa-
tial resolution, and shielding rate with those of the standalone
y-probe by placing the >’Co at 1 cm from the probe in air.

The energy resolution (FWHM) showed minimal difference
among the integrated probe and a standalone y-probe, with
values of 17.3% and 16.9%, respectively. Energy histograms
of y-probe (left) integrated y-US probe detector (right) are
shown in Fig. 11(a). Similarly, the integrated probe achieved
a sensitivity of 80.0 c¢/ss/MBq compared to 90.0 c/s/MBq
given by the standalone y-probe as shown in Fig. 11(b).
The spatial resolution for the y-probe and integrated probe
detectors were measured at 2.32 mm FWHM and 2.69 mm
FWHM, respectively [Fig. 11(c)]. Finally, the integrated probe
showed a side shielding rate of 95.9% as compared to 97.1%
of the standalone y probe. Tables I and II summarize the y
performance of both the standalone y and integrated probes.

B. Comparative Results of the US-Component of the
Integrated y -US Probe With the Standalone US-Probe

The FBW was determined by acquiring echo signals and
applying (3). The standalone US probe achieved an FBW of
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TABLE |
SIDE-SHIELDING (20-MIN COUNTS) AND ON-AXIS SENSITIVITY
(10-MIN COUNTS, CPS/MBQ) FOR THE y-PROBE AND INTEGRATED
~v-US PROBE (57C0O)

SIDE SHIELDING RATE RESULTS OF y AND INTEGRATED PROBE

Counts/20 min Side Shielding Rate (%)

v-Probe 44 97.1
Integrated Probe 62 95.9
No Collimator 1513 0.0

SENSITIVITY TEST RESULTS OF y AND INTEGRATED PROBE

Distance 1 2 3 4 5 CPS/MBq
Counts/10 (cm)
min
y-Probe 556 368 227 188 137 90.0
Integrated 494 279 179 141 107 80.0
Probe
. Energy Resolution of Gamma Probe at 1 cm . Energy Resolution of Integrated Probe at 1 cm
- i ER=16.9% - ! ER=17.3%
3 (FWHM, Co-57 @122 keV) é (FWHM, Co-57 @122 keV)
i 3
go Eos
v , TR TE T T e T W
Votage (V) Vottage (V)
(a)
— Sensitivity Test (Axial Distance (cm) vs Counts/10 min
® Gamma probe
® Integrated probe
600
[ ]
- * CPS/MBq: 90.0
CPS/MBq: 80.0
0 400
< °
S
300 °
.
200 ° °
° °
100 °
0
0 1 2 3 4 5 6
Axial distance (cm)
(b)
. Spatil Rosolution Gamma Probe at1 cm . Spatal Rosalution Integarted Probo at 1 om
= }
g 0. FWHM = 2.32 mm g 04 FWHM = 2.69 mm
LteralDistanco () Latera Distance ()
(c)
Fig. 11.  (a) Energy Spectrum: Left plot shows energy distribution

for standalone ~y-probe detector; right plot for integrated ~y-US probe
detector. (b) Sensitivity Plot: Graph illustrating the sensitivity of «y-probe
and the integrated y-US probe detectors. (c) Spatial Resolution Plot:
Depiction of spatial resolution performance; left plot for standalone -y-
probe detector, and right plot for integrated y-US probe detector.

TABLE Il
PERFORMANCE OF THE INTEGRATED y-US PROBE VS. STANDALONE
PROBES: v-COMPONENT (ENERGY RESOLUTION (FWHM, %),
SENSITIVITY (CPS/MBQ), SPATIAL RESOLUTION (mm),
SIDE-SHIELDING (%)) AND US-COMPONENT (SNR (dB),
—6 dB FBW (%), LATERAL/AXIAL RESOLUTION (mm) AT 5 cm)

Y-COMPONENT OF INTEGRATED
PROBE PERFORMANCE AND
COMPARISON WITH STANDALONE Y-PROBE

Performance Standalone y-Probe Integrated Probe
Parameter
Energy Resolution 16.9 17.3
(FHM,%)
Sensitivity (CPS/MBq) 90.0 80.0
Spatial Resolution 232 2.69
(mm)
Side Shielding Rate 97.1 95.9
(%)

US-COMPONENT OF INTEGRATED
PROBE PERFORMANCE AND
COMPARISON WITH STANDALONE US-PROBE

Standalone US-Probe Integrated Probe
Performance
Parameter
SNR (dB) 6.49 5.95
FBW (-6dB 47.8 36.0
bandwidth, %)
Lateral 4.48 4.90
Resolution at 5
cm (FWHM,
mm)
AXIAL RESOLUTION AT 5 cm (mm)
Probe Type Echo length ¢ (m/s) in Axial resolution
(us) water (mm)
US- Probe 148 1500 1.11
Integrated Probe 176 1500 1.32

47.8% at a f, of 9.78 MHz, while the proposed integrated
y-US probe detector demonstrated an FBW of 36.0% at a
fe of 9.51 MHz [Fig. 12(a)]. The observed SNR for the
standalone US probe and the integrated y-US probe detectors
were 6.49 and 5.95 dB, respectively (Table II). The lateral res-
olution of standalone US probes and the US component within
the integrated y-US probe was determined to be 4.48 and
4.90 mm (FWHM), respectively, at 5 cm. Fig. 12(b) illustrates
the lateral resolution plot of both the standalone US and
integrated y-US probe detectors. Finally, the axial resolution
was computed from the echo length. The echo length in
the received echo signal from the standalone US probe and
integrated y-US probe were 148 and 176 us, respectively.
Our results showed an axial resolution of 1.32 mm for the
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Fig. 12. (a) Top plot shows the frequency bandwidth (FBW) and SNR of
the standalone US probe, while the bottom plot presents the FBW and o 20 40 &0 80 100
SNR of the integrated ~y-US probe detector. (b) Lateral resolution plot Lateral Position (mm)
comparing the US probe (left) and the integrated y-US probe detector (b)
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Gamma Photen Inte nsity
TABLE Il = :
PERFORMANCE COMPARISON OF v AND US-PROBE READOUT ‘ Fosedt
METHODS—DEDICATED, SWITCHING [14], AND e
FREQUENCY-MULTIPLEXED—SHOWING y: ENERGY RESOLUTION
(FWHM, %) AND SENSITIVITY (CPS/MBq); US: SNR (dB) AND —6
dB FBW (%) " &
£ 2
E =
PERFORMANCE COMPARISON OF Yy AND £ 3
US-PROBE READOUT METHODS a o
«— Radiation Signal =

y-PROBE Dedicated Switching Frequency Based
Readout Method [14] Multiplexed
Redout
Energy 19.2 20.7 19.5
Resolution
(FWHM, %)
Sensitivity 90.0 72.5 89.7
(CPS/MBq)
Frequency Based
US-PROBE Dedicated Switching Multiplexed
Readout Method [14] Redout
SNR (dB) 14.95 10.68 22.98
FBW (-6dB, 36 32.0 32.0
%)

US component of the integrated y-US probe against 1.11 mm
for the standalone US probe, respectively, at a target depth
of 5 cm from the probe. Table II summarizes the results of
the US performance of both the standalone and integrated
probes.

0 20 40 60 80 100
Lateral Position (mm)

(c)

Fig. 13. (a) «y-intensity profile reveals the radiation source (¥’Co).
(b) B-scan US image shows both targets (3”Co) source and a round
tumor mimicking structure. (c) Fused image combines y-photon and US
data, clearly differentiating the radiation source from the tumor.

C. Frequency-Based Multiplexed-Readout Method
Assessment

The FWHM of the proposed frequency-based multi-
plexing readout method was assessed and compared with
previous switching method [9]. The dedicated readout and
switching methods yielded energy resolutions of 19.2%
and 20.7%, respectively, while the proposed multiplexing
method achieved an energy resolution of 19.5%. Simi-
larly, regarding CPS performance, negligible differences were
observed between the dedicated readout (90.0 CPS/MBq) and
the proposed frequency-based multiplexed readout method
(89.7 CPS/MBq). The switching method [9] on the other hand
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showed a significant drop in CPS, introduced by PRF of the
US transmission—higher PRF shows reduced y counts. At
1 kHz PREF, the switching method showed =~ 18% CPS drop
(72.5 CPS/MBq versus 90 CPS/MBq). Table III provides a
summary of results.

To evaluate the US signal performance of the proposed
frequency-based multiplexed readout, two key performance
parameters of the US probe, including the SNR and FBW
at —6 dB. Performance was compared across three front-end
readout configurations: 1) a custom-designed dedicated US
readout circuit; 2) a previously reported switching method [9];
and 3) the proposed frequency-based multiplexed method. The
dedicated circuit achieved an FBW of 35.7%, the multiplexed
method 33.3%, and the switching method 32.0%. In terms
of SNR, the proposed multiplexed approach outperformed the
others, achieving 22.98 dB, compared to 14.95 dB for the
dedicated circuit and 10.68 dB for the switching method.
A detailed summary is provided in Table III.

D. Imaging Feasibility Validation

The B-mode US image and the y-photon profile were
acquired using the integrated y-US probe detector (Fig. 13).
The y-photon profile [Fig. 13(a)] reveals only the radiation
source, whereas the B-mode image [Fig. 13(b)] displays both
targets but does not provide information about the y-photons,
whereas the fused image [Fig. 13(c)], which combines y-
photon and US data, clearly differentiates the radiation source
from the tumor-mimicking target and allows for the measure-
ment of the thickness of both materials. This demonstrates the
complementary abilities of the integrated y-US probe detector
in providing both anatomical and molecular information.

V. DISCUSSION

This proof-of-concept study successfully demonstrates the
feasibility of a handheld integrated y-US probe detector,
combining ¥y and US modalities. The proposed integrated
probe is designed for low-to-moderate targeted y energies
(®™Tc at 140 keV or 7Co at 122 keV) along with integration
of a 10 MHz PZT transducer, which could be well-suited for
high-resolution and short-ranging imaging medical applica-
tions such intraoperative procedures (breast tumors or lymph
node localization) [6] and nonmedical (NDT [16]). Perfor-
mance comparisons with standalone y and US probes show
that integration of these two modalities can be achieved with
minimal degradation, thus validating the practical potential of
this integrated technology.

Hybrid imaging and nonimaging probes, combining differ-
ent modalities, have gained considerable attention for their
potential to enhance diagnostic and therapeutic outcomes. For
instance, hybrid PET/CT [28] and PET/MRI [11] systems have
revolutionized cancer diagnostics by providing both metabolic
and anatomical information, improving tumor detection and
characterization. Similarly, hybrid y-optical probes have been
developed for real-time sentinel lymph node detection during
surgery [29]. These multimodal systems leverages complemen-
tary strengths of each modality, such as the high sensitivity of
y detection for functional imaging and the superior spatial
resolution of US for anatomical imaging [30].

The y-detection performance of the integrated y-US probe
was closely compared to that of a standalone y-probe by
placing the >’Co at 1 cm from the probe. Energy resolution
(FWHM) of a radiation detector is crucial for intraopera-
tive probes and NDT because it enhances the precision of
tumor localization and defect identification in materials by
improving contrast and suppressing signals from scattered
radiation, thereby reducing the risk of false positives in
healthy tissues. Table II shows energy resolution results for
both integrated and standalone detectors [17.3% versus 16.9%
(FWHM)]. Similarly, sensitivity directly impacts the adminis-
tered radiation dose, count rate, and scan time of a y detector.
Table I shows that the integrated probe had a sensitivity of
80.0 c/s/MBq as compared to 90.0 c/s/MBq. Spatial resolution
is a very critical performance measure as it increases the
precision of a radiation source localization, improves detec-
tion accuracy, and ensures effective identification of small
or closely spaced targets. The integrated probe achieved a
spatial resolution of 2.69 mm, compared to 2.32 mm for the
standalone y-probe—indicating only minor trade-offs in per-
formance. Furthermore, the collimator’s shielding rate signifies
the probe’s capacity to block y-photons from entering its sides,
thus minimizing background noise and false positive counts.
The integrated probe showed a side-shielding rate of 95.9%
as compared to 97.1% of the standalone y probe.

Similarly, the US component was benchmarked against a
standalone US probe, both using non-focused transducers. The
integrated probe achieved an SNR of 5.95 versus 6.49 dB
for the standalone unit. Axial and lateral resolutions at a
5 cm depth were 1.32 and 4.90 mm (FWHM), respectively,
compared to 1.11 and 4.48 mm for the standalone probe. These
results confirm that the integrated y-US detector maintains
competitive performance with minimal degradation, validating
its suitability for practical applications. While resolution could
be further enhanced using a focused US probe, this study
primarily aimed to demonstrate feasibility and performance
comparability.

The proposed y-US frequency-based multiplexing method
enables true simultaneous acquisition of y and US signals
through a single channel by summing them with a simple OP-
AMP, eliminating the need for multiple ADCs and reducing
hardware complexity, size, and cost. It achieves an energy
resolution of 19.5%, compared to 19.2% from a dedicated y
readout—and maintains CPS performance. The US component
experiences only a slight reduction in bandwidth (32% versus
36% at —6 dB) with minimal effect on signal quality, while
delivering a significantly improved SNR of 23 dB (versus
15 dB) due to effective noise suppression via bandpass filter-
ing. Unlike switching-based methods, which suffer CPS loss
at high PRFs, this approach supports simultaneous acquisi-
tion without degradation. Though it requires postprocessing
(LPF/BPF), these steps are easily managed in software, mak-
ing the method a robust, efficient, and cost-effective solution
for integrated y-US imaging.

The slight performance degradation observed in the inte-
grated y-US probe is primarily due to the use of a
dual-functional tungsten-epoxy compound as both the US
backing material and the y-photon collimator. Accommo-
dating the collimator hole, scintillator, and SiPM required
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a reduction in the active backing area. Additionally, while
the PZT crystal and matching layer introduced minimal
y-photon attenuation, they demonstrated effective integration
by supporting both modalities along a shared LOS. Although
the impact on y-detection performance was minor, further
optimization could involve using a ring-type PZT transducer,
as proposed in [31]. However, this design introduces new
challenges, such as dead zones in US signal reception due to
the central hole and the need for postalignment and calibration
to co-register data, given the differing LOS between the US
and y components.

Despite the noted challenges, this study highlights the
strong potential of the integrated y-US probe detector. Uti-
lizing a shared LOS for both modalities simplify the design
and enhances usability. While the single-element transducer
was appropriate for this proof-of-concept, it is suboptimal
for clinical imaging. Future work will focus on developing
a multielement integrated y-US probe to improve imaging
performance. Furthermore, the compact design and efficient
operation of both the probe and the frequency-based mul-
tiplexed readout system make the platform well suited for
intraoperative procedures such as sentinel lymph node biopsy
and tumor localization [32]. These applications benefit from
the simultaneous acquisition of real-time anatomical and func-
tional data, overcoming the limitations of larger conventional
systems. Additionally, the probe’s versatility extends to NDT
in industrial settings, demonstrating its broader applicability
beyond clinical use [33].

However, the study also highlights certain limitations. Per-
formance validation was confined to controlled experimental
settings, necessitating further validation through comprehen-
sive clinical extensive studies. Also, the lateral resolution
of the integrated probe is very low, that is, 4.48 mm for
standalone probe and 4.90 mm for the integrated probe at 5 cm.
This is due to a broad unfocused beam and does not apply
a lens or beamforming. Future work will involve fabricating
a focused US transducer to leverage its advantages: first,
improved lateral resolution by concentrating acoustic energy
into a narrow beam at a defined focal point, enabling more pre-
cise differentiation of deep tissue structures; second, enhanced
SNR for better image quality and penetration; and third, sup-
pression of off-axis scattering and side lobes to reduce clutter
and improve target localization. This transducer will then be
integrated with the gamma (y) system, followed by clinical
applicability studies using clinically relevant phantoms.

This proof-of-concept study lays a strong foundation for
future efforts to develop an integrated y-US hybrid modal-
ity. By demonstrating that minimal performance degradation
occurs despite the integration of two modalities, this study
paves the way for more sophisticated multimodal probe
solutions. The next steps will involve transitioning from a
single-element prototype to a fully functional imaging ensem-
ble with an array of integrated y-US elements, ultimately
aiming to enhance diagnostic capabilities and expand the
practical applications of this technology.

In summary, the integrated y-US probe detector and
single-channel multiplexed readout represent a significant
advancement in multimodal imaging for both medical

and industrial applications. The frequency-based multiplex-
ing approach enables simultaneous acquisition of y and
US signals using shared hardware, reducing system complexity
and size. While the use of a low-bandwidth amplifier aids
signal separation, it may limit y resolution at high count
rates; however, experimental results showed no significant
interference between modalities. The proposed 10 MHz inte-
grated y-US probe offers high spatial resolution with limited
penetration (~4-5 cm), making it ideal for superficial imaging.
Future work will explore alternative frequency schemes and
adaptive strategies to broaden the system’s capabilities. This
study not only confirms the feasibility of integrated y-US
detection but also lays the groundwork for next-generation
intraoperative and NDT solutions, marking a key milestone
in dual-modality probe development.

VI. CONCLUSION

The development of the integrated y-US probe detec-
tor marks a significant advancement in multimodal detector
technology. This proof-of-concept study demonstrates that
combining y and US modalities into a single handheld device
is feasible with minimal performance trade-offs. The probe’s
compact form factor and efficient operation are particularly
advantageous for intraoperative applications such as sentinel
lymph node biopsies and tumor localization, as well as NDT
in industrial settings. Despite minor performance degradation
and the need for further validation, this integrated probe
lays a strong foundation for future innovations in multimodal
imaging technology, promising enhanced diagnostic accuracy
and versatility.
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