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ABSTRACT

Unlike traditional ultrasound (US) transducers with rigid casing, flexible array transducers can be deformed to patient-
specific geometries, thus potentially removing user dependence during real-time monitoring in radiotherapy. Proper
transducer geometry estimation is required for the transducer's delay-and-sum (DAS) beamforming algorithm to
reconstruct B-mode US images. The main contribution of this work is to track each element's position of the transducer to
improve the quality of reconstructed images. An NDI Polaris Spectra infrared tracker was used to localize the custom
design optical markers and interfaced using the Plus toolkit to estimate the transducer geometry in real-time. Each marker
was localized with respect to a reference marker. Each element's coordinate position and azimuth angle were estimated
using a polygon fitting algorithm. Finally, DAS was used to reconstruct the US image from radio-frequency channel data.
Various transducer curvatures were emulated using gel padding placed on a CIRS phantom. The geometric accuracy of
localizing the optical markers attached to the transducer surface was evaluated using 3D Cone-Beam Computed
Tomography (CBCT). The tracked element positions' deviations compared to the CBCT images were measured to be
0.50+0.29 mm. The Dice score for the segmented target structure from reconstructed US images was 95.1+3.3% for above
mentioned error in element position. We have obtained a high accuracy (<1mm error) when tracking the element positions
with different random curvatures. The proposed method can be used for reconstructing US images to assist in real-time
monitoring of radiotherapy, with minimal user dependence.

Keywords: Flexible array transducer, ultrasound imaging, ultrasound beamforming, surface geometry estimation, image-
guided radiotherapy

1. INTRODUCTION AND PURPOSE

Ultrasound (US) imaging in biomedical applications such as image-guided radiotherapy (IGRT) has increased in the last
decade because of its non-ionizing nature and real-time imaging capability* 3. The use of other imaging modalities has
been more common**2* than the use of US-based techniques in clinical applications of IGRT due to the rigid architecture
of traditional US probe transducers. Pressure is often applied to improve acoustic contact, resulting in changes to
anatomical structures during IGRT?>%, The flexible array transducer?” has been employed to resolve the above-mentioned
limitations. Due to the flexible nature of this probe, it can fit any surface geometry?®2°, The flexible transducer’s element
position plays a vital role in B-mode US image reconstruction from radio-frequency (RF) channel data. Delay-and-sum
(DAS) beamforming algorithm is required on RF channel data for the reconstruction of the image. An accurate element
position has been required for a proper delay in each channel. The wrong delay can cause distortion and defocus on
reconstructed US image.

The probe was first utilized for non-medical purposes, such as inspecting sub-surface defects and performing non-
destructive testing (NDT)¥, etc. Several studies were carried out to reconstruct ultrasound images from the flexible probe
by implementing appropriate delays. Casula et al. created a mechanical apparatus that automatically pushes transducer
elements to the surface to estimate element positions®. Hunter et al. suggested an algorithm based on image sharpness
optimization for generating ultrasound images®. Nakahata et al. proposed an offline method of generating ultrasound
images by merging RF data and element position geometry during post-processing®. All of these methods were developed
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for non-biomedical tasks, and none of them were real-time approaches. Noda et al., Chang et al., and Omidvar et al. have
suggested algorithms aimed at reconstructing precise biomedical US images. These algorithms utilize various optimization
techniques such as entropy, variance, and gradient to achieve accurate US imaging results3*-%, Real-time imaging can be
challenging due to the iterative nature of these algorithms.

CIRS*Phantom

srffll Parts
ssound Phamntom

Dynamic Range (dB)

B8 =% 0 40 20 0 20 40 60 20 4 b

Element Position in X-axis (mm) Lateral Distance (mm)

Figure 1. Experimental flow diagram (a) experimental setup where Verasonics system was used as a workstation, O-arm has been

used to acquire CBCT from comparison and on the other side tracker was used to track the markers, (b) placement of the markers.
In order to achieve real-time US image reconstruction, researchers have explored deep neural network (DNN) based
methods. Nair et al. utilized a DNN approach to replace the conventional beamforming step by processing the channel data
to produce segmented targets and US images simultaneously®”28, The training of the network was conducted using a
simulated dataset, where it was assumed that the element positions were linear. Simson et al., Yoon et al., Khan et al., and
Luijten et al. presented end-to-end DNN-based approaches to produce high-quality B-mode US images from complete or
subsampled RF data®*“2. However, these methods utilized either time-delayed channel data or rigid probe geometry in
beamforming, which is an impractical scenario for clinical applications. Huang et al. introduced a DNN-based US
beamforming technique that enables direct formation of images from acquired RF data without the requirement of
knowledge of flexible probe shape geometry*3. Although the algorithm is capable of real-time US image reconstruction,
its accuracy may decrease when presented with unseen geometries as it is a data-driven approach that is trained on
simulated data. As a result, the usability of the above DNN-based methods in clinical applications may be limited. Indeed,
it is crucial to develop an approach that can address the challenges of real-time US image reconstruction while maintaining
high accuracy and reliability for a wide range of geometries encountered in clinical applications.

Optical trackers have been significant in image-guided surgery and IGRT over past two decades**“". Due to their highly
precise capabilities, optical trackers can be utilized to accurately estimate the geometry of flexible transducers in real-time.
A novel method and experimental setup called the Flexible Transducer with External Tracking (FLEX) system has been
proposed here to accurately extract all element positions from any transducer geometry or curvature. This experimental
setup aims to achieve two goals: (1) acquire accurate US images of patient-specific geometries, and (2) remove user
dependence during real-time monitoring in radiotherapy. Figure 1 shows the experimental setup for real-time US image
reconstruction.

2. METHODS

The main contributions of this research are: 1) the development of a custom optical marker design that can be placed on
the precise location of a flexible transducer element so that they can be tracked by optical tracker, 2) the estimation of
element positions by analyzing the transformation tree of the tracked markers, and 3) the reconstruction of ultrasound
images using the acquired RF data and the tracked element positions of the flexible array transducer.
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2.1 Marker specifications

A total of five probe markers and one reference marker were used for the experiment. The probe markers placed on the
{1st, 33rd, 65th, 97th, and 128th} elements of the probe transducer as shown in Figure 1(b). To avoid interference between
markers, specially designed optical markers were created following Northern Digital Inc. (NDI) marker design protocols.
The centroid of each marker was estimated using a stylus. The NDI Polaris Spectra infrared camera was used to track both
the markers and stylus, while real-time hardware communications were handled through the Plus toolkit®.

2.2 Element position estimation

The optical tracker is capable of tracking both reference markers () and probe markers (p) in real-time and estimate
transformations T;¢ and Tpt , respectively. These transformations have been utilized to determine the transformation Trp of
the reference marker with respect to the probe marker.

TP = (T)™'Tf (1)
where Tpt and T;¢ are the transformation of the probe marker and reference marker, respectively, with respect to the tracker
(t). The centroid of the markers was calculated using a stylus (s).

TY = (TH™'T! (2)
where T? and T¢ are the stylus pose with respect to the p and t, respectively.

The transformation matrices T;” obtained from all probe markers were used to determine the coordinates of the
corresponding transducer elements. The flexible transducer's geometry was estimated using a polygon curve fitting
algorithm based on the coordinates of the five associated transducer elements. The azimuth angles between two consecutive
transducer elements were estimated using equation (3), with the X-axis and Z-axis directions utilized in the calculation,
while the Y-axis remained fixed, as there is no movement in that direction.

9n+1 = tan_l(zn+1 - Zn/xn+1 - xn) (3 )

where azimuth angle for n + 1" element has been denoted by 8,,; and x,,,,z,,, are the coordinates in X- and Z-
directions.

2.3 US beamforming with updated element position

The DAS beamformer is the conventional method for reconstructing the B-mode US images from RF data. This method
requires accurate transducer element positions to calculate the time-of-flight (ToF) between each element and the focal
point. The time delay is determined from the ToF, which has been applied to each RF channel data to generate a proper B-
mode US image. The transducer’s element position has been estimated accurately using the proposed method in real-time.
The estimated element positions from the proposed method are used to update the old transducer element positions in the
ToF calculation.

2.4 Probe, phantom, and system specifications

The CIRS (Model 050) small-parts ultrasound phantom has been employed to evaluate the proposed method. To generate
random curvature shapes, a US gel pad was placed on top of the phantom, as shown in Figure 1(b). The flexible array
transducer utilized in this study was manufactured by Hitachi and Japan Probe. The Vantage 128 system, made by
Verasonics Inc., USA, has been employed to acquire the RF data and generate B-mode US images. Quantitative evaluation
of the proposed method has been done using element position extracted using Cone-beam computed tomography (CBCT)
done by Medtronic O-arm (Medtronics Inc., Minneapolis, MN). The self-adhesive radiographic marker’s (CT- SPOT 119;
Beekley Medical) position was extracted from the CBCT images, which were placed on the centroid of each probe marker.
The transducer element position was reconstructed using the extracted marker position, which was then used for
comparison.

3. RESULTS

The CIRS phantom was used to evaluate the proposed method in several ways, including 1) assessing the impact of
incorrect element positioning in US beamforming and 2) examining the accuracy of FLEX in comparison to a CBCT-
based element positioning estimation system.
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3.1 Effect of the erroneous element position on US beamforming

This experiment was conducted to confirm the impact of incorrect element placement on US image reconstruction. The
RF data was acquired using a linear probe geometry, and the resulting US image (Figure 2(a)) was used as the reference
image for the experiment. Subsequently, the transducer's element position was randomly altered within the range of {0-1,
1-2,2-3, ..., 9-10}mm, and the corresponding reconstructed images were shown in Figure 2(b)-(i). To assess the structural
distortion caused by the incorrect element position in US image reconstruction, the targets enclosed by the yellow border
in each image of Figure 2 were segmented using a semi-automated threshold-based technique. The Dice-score was
calculated for each segmented target relative to the reference image target and presented in Figure 3(b).
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Figure 2. (a) reference image, which is generated and acquired by the linear position of flexible probe element position. (b)-(i) are the generated
US images using the reference RF data with modified some of the element positions from 1-8mm, respectively. The yellow box visualizes the
location of the phantom target changes, and the Dice-score with respect to the reference was mentioned on individual images.
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Figure 3. (a) element position error (distance between tracker VVs. CBCT) for different curvatures (X-axis labels belong to different curvatures). (b)

deformation of the target structure (Dice score) compared with reference for the different range of error in element position (mm).

3.2 Accuracy of the FLEX-based element position tracking

In this experiment, the optical tracker's error was evaluated and estimated. To accomplish this, a reference (CBCT-based)
system was employed. Self-adhesive radiographic markers (CT-spot) were placed on each marker's centroid, enabling
identification in the CBCT volumes and estimation of the coordinate position of each marker. By comparing the position
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of each transducer element extracted from the FLEX and reference system, the tracker's error was estimated. To assess the
error rate, five random curvatures were used, including linear, curvilinear, and arbitrary shapes. The deviation of the
element positions was visualized using a boxplot, as shown in Figure 3(a), where the X-axis represents different probe
shapes, and the Y-axis represents the deviation of the element positions. Overall 0.50+0.29 mm element position error has
been obtained from this experiment. Additionally, we achieved a Dice score of 95.1+3.3% for this element position error.

4. DISCUSSION

4.1 Effect of the erroneous element position

US beamforming with erroneous element position cost to the structural deformation of the imaging target, as illustrated in
Figure 2. In this figure, it is visually observed that the target structure deformation increased with the increase of the
element position error rate. The quantitative evaluation has been done in this experiment by calculating the dice score of
the segmented structure concerning the reference image segmented target. The target structure deformation rate in terms
of the dice score is shown in Figure 3(b). The results of this experiment suggest that precise estimation of the element
position is crucial for the reconstruction of accurate B-mode US images.

4.2 Accuracy of the proposed FLEX system

Section 4.1 indicates that in the case of flexible probes, the estimation of element position should be incorporated into the
US image generation process. To resolve this issue, we proposed a system design (FLEX) based on some hardware, such
as an optical tracker, custom design marker, etc., to estimate the accurate transducer array geometry. The precision of the
suggested approach was evaluated with respect to a CBCT-based element position tracking system, as described in the
preceding section. The deviation in the estimated position of a transducer element between the CBCT and FLEX-based
solution was utilized as the error for the proposed system. This error was calculated for various curvatures and depicted in
Figure 3(a). The figure indicates that the error rate of the proposed system is below 1 mm for different curvatures of the
probe geometry. The experiment also reported an accuracy rate in terms of the Dice score, which was found to be
95.1+3.3% for an overall element position estimation error of 0.50+0.29 mm. These results demonstrate that the
reconstructed US image closely resembles the actual US image, and the target structure remains consistent with the actual
structure.

5. CONCLUSIONS

This study introduces a new FLEX system that tracks the position of flexible array transducer elements to reconstruct
ultrasound (US) images. The experimental setup and results demonstrate that the tracked element coordinates are
comparable to the ground truth. The dice score indicates that the resulting images with tracked element positions closely
resemble the reference images. This research has the potential to facilitate the use of flexible probes for collecting US data
from patients with various anatomies and to enable real-time monitoring during IGRT without the need for user input. In
the next phase of evaluation, the system will be tested on clinically relevant data (e.g., from patients or cadavers) or a
deformable phantom.
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