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Abstract
Purpose: Ultrasound-guided spine interventions often suffer from the insufficient visualization of key anatomical struc-
tures due to the complex shapes of the self-shadowing vertebrae. Therefore, we propose an ultrasound imaging paradigm,
AutoInFocus (automatic insonification optimization with controlled ultrasound), to improve the key structure visibility.
Methods: A phased-array probe is used in conjunction with a motion platform to image a controlled workspace, and the
resulting images from multiple insonification angles are combined to reveal the target anatomy. This idea is first evaluated in
simulation and then realized as a robotic platform and a miniaturized patch device. A spine phantom (CIRS) and its CT scan
were used in the evaluation experiments to quantitatively and qualitatively analyze the advantages of the proposed method
over the traditional approach.
Results: We showed in simulation that the proposed system setup increased the visibility of interspinous space boundary,
a key feature for lumbar puncture guidance, from 44.13 to 67.73% on average, and the 3D spine surface coverage from
14.31 to 35.87%, compared to traditional imaging setup. We also demonstrated the feasibility of both robotic and patch-based
realizations in a spine phantom study.
Conclusion: This work lays the foundation for a new imaging paradigm that leverages redundant and controlled insonification
to allow for imaging optimization of the complex vertebrae anatomy, making it possible for high-quality visualization of key
anatomies during ultrasound-guided spine interventions.

Keywords Ultrasound imaging · Image-guided procedure · Spine intervention · Medical robotics

Introduction

Extensive researchhas been conductedwith ultrasound imag-
ing to guide spinal interventions [1–5]. However, they often
suffer from suboptimal insonification of key anatomical
structures due to the complex shapes of the self-shadowing
vertebrae, which complicates the image interpretation and
reduces the success rate [1]. This challenge is especially
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highlighted in ultrasound-guided lumbar puncture [5,6], a
common procedure to collect cerebrospinal fluid (CSF)
using a needle inserted through a gap between the spinous
processes on the vertebrae. This critical feature is poorly visu-
alized for needle insertion guidance due to the shadowing
artifacts and combined with other risk factors such as obesity
[7] and spine anomalies [8], can lead to failures and repeated
attempts, which increase the risk of complications including
CSF leak and headache [9]. Additionally, traumatic lumbar
punctures result in blood contamination of CSF, which con-
fuses diagnostics [10] and introduces infections [11].

Several approaches have been proposed to address this
issue and provide better guidance. In [2], the authors
took a registration-based approach that tries to register
the intra-operative ultrasound with statistical shape mod-
els of the spine for enhanced guidance. However, when
targeting patients with severe spine malformations or pedi-
atric patients, the atlas-based registration approach may
not deliver. Similarly, a commercial hand-held ultrasound
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machine Rivanna Accuro uses image recognition to assist
in marking the needle insertion site for epidural placements.
It provides real-time guidance through a needle guide for
paramedian epidurals but is incompatible with the median
approach of lumbar puncture because the probe covers the
needle insertion site. Also, holding the probe during needle
insertion is not recommended due to the loss of ability to
use both hands for needle insertion, stabilization, and depth
control [12]. Another approach is to integrate an ultrasound
element in the needle tip [3,4,13,14], which can provide
needle insertion guidance from inside to navigate through
anatomy. While the latter approaches have the advantage
of being registration-free, they either provide limited guid-
ance information with non-imaging modalities or require a
sweeping motion of the needle to form an image, which is
sometimes impractical when the needle is in deeper tissues
or close to vital structures.

In this work, we propose an ultrasound imaging paradigm
AutoInFocus (automatic insonification optimization with
controlled ultrasound) to improve the image guidance for
spinal interventions. We hypothesize that using redundant
(imaging the same anatomical area from multiple angles)
and controlled (driven by motion platforms instead of free-
hand) insonification, the complex and critical structures of
the spine, such as interspinous space during lumbar puncture,
can be detected with high clarity. Besides, imaging optimiza-
tion can be achieved by identifying critical insonification
windowswith image-based approaches and controlling ultra-
sound beam steering toward these windows to adaptively
image the key anatomy. The required precise motion is not
easily accomplished by a human hand holding a tracked
probe and thus motivates a robotic approach. To summa-
rize, the AutoInFocus paradigm contains the following key
elements:

1. A phased array probe is utilized instead of a traditional
linear array due to the superior beam steering ability and
smaller form factor for easier skin coupling and avoiding
interference with the needle.

2. A controlled transducer motion workspace to allow view-
ing the anatomy from different insonification windows on
the patient’s surface.

3. A mechanical deployment of the designed motion
workspace suitable for the target clinical scenarios.

4. An optimization approach for enhancing visualization of
key anatomical structures under the controlledworkspace.

In the following sections, we will introduce three differ-
ent platforms for validating a specific AutoInFocus setup
and demonstrate that it can give us superior visibility of
the complex shaped lumbar bone anatomy. In this work,
we focused on platform development and validation, and
advanced image-based optimization algorithmswill be intro-
duced in future work.

Fig. 1 The proposed 2DOFmotion of the transducer (orange cylinder).
We scan the spine paramedianally with a phased array transducer that
mechanically translates (green arrows) and rotates (magenta arrow).
Our experiment setups further tilt the transducer toward the midline

Methodology

Following theAutoInFocus paradigm,we configured our val-
idation experiments with the following elements:

1. An ATL P7-4 phased array probe.
2. A two-degree-of-freedom (DOF) motion workspace with

1-DOF translation and 1-DOF rotation, as shown in
Fig. 1. The translational axis is placed parallel to the spine
midline with a lateral offset that exposes the midline for
needle insertion.

3. A robot arm (Universal Robots UR3) platform for spine
surgeries and awearable patch device for lumbar puncture
deployment.

4. A simple distance-based compounding to combine all
insonification angle images for highlighting the key
anatomy.

To investigate the feasibility and benefit of this setup for
spinal intervention guidance, we developed three validation
platforms. First, ultrasound simulation was used to analyze
the theoretical effectiveness. Then, we developed a robotic
version and a miniaturized patch device version as two real-
izations for further validation.

Ultrasound simulation-based validation platform

Before going into the hardware development, we evaluated
the performance of AutoInFocus in simulation. Extensive
research has been done in the field of ultrasound simulation.
Traditionally, algorithms are based on wave-front propa-
gation in tissue, simulating the system’s spatial impulse
response and convolving with a predefined micro-scatter
map. This approach can render the highest realism and is
well-established in software packages such as Field-II [15]
and K-wave [16]. However, they are too computationally
expensive to handle our workload of hundreds of B-mode
images per scan. Therefore, we used the convolutional ray-
tracing-based fast ultrasound simulation technique proposed
byMehrdata et al. [17] (ImFusion software). It is well-suited
because realistic US imaging artifacts, e.g., shadowing, can
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Fig. 2 Comparison of simulated and real ultrasound images of a spine phantom. a–b Simulated B-mode images from a CT scan of the phantom.
c–d Respective real B-mode images from the real phantom

be generated by ray optics, which is sufficient for analyzing
the effectiveness of the proposed methods.

The convolutional ray-tracing US simulator contains two
major parts: (1) ray optics and (2) scattering convolution.
These two parts require a medium map to be generated
for the simulation target beforehand, where each medium is
associated with acoustic parameters such as speed of sound
value, attenuation coefficient, and acoustic impedance. These
acoustic parameters are used in the ray-tracing engine, while
another set of scatterer density coefficients is used during
scattering convolution [18]. For obtaining a medium map as
the simulation input, we have acquired a CT scan of a lumbar
spine phantom (Fig. 3) and manually segmented the spine
by thresholding and smoothing operations. The spine was
assigned with bone acoustic properties and the background
medium is simulated as soft tissue with minimum speckle
noise.

By defining a phased array geometry and a pose on the
medium map, a 2D ultrasound image can be simulated as
output. As a qualitative validation, sample images of the sim-
ulation are presented in Fig. 2. The boundaries of the spine
are highlighted, with shadow artifacts present in both simu-
lated images and real ultrasound images of the same spine
model.

Robot-based validation platform

One realization of AutoInFocus is achieved by using a robot
arm (Universal Robots UR3) to hold a phased array probe
(ATL P7-4), targeting the spinal surgery scenarios. Then the
designed AutoInFocus workspace can be reached with high
dexterity and accuracy using the 6-DOF robot. The overall
robotic setup is shown in Fig. 3. Two optical markers on the
transducer holder were tracked by an external optical tracker
(Atracsys FusionTrack500) tomaximize themarker visibility
for extreme poses during system calibration.

We calibrated the system in two steps: First, the T Xp
calibration for identifying marker-to-ultrasound transforma-
tion X1 and then the AXXB calibration for robot-to-marker
transformation X2.

Marker-to-ultrasound calibration

Wefirst carry out the T Xp cross-wire calibration experiment
(Fig. 3a) to identify X1. The calibration steps are the follow-
ing:

1. Compute relative transformation between the two mark-
ers.

2. Calibrate for the temporal offset between the tracking
timestamp and image timestamp. The two data streams
are synchronized via a sinusoidal motion matching. After
calibration, the average temporal error is 14.23 ms.

3. Image the cross-wire phantom from multiple probe poses
Bi and annotate the cross-wire point location pi in the
image.

4. Solve a system of equations Ti ∗ X1 ∗ pi = const for X1

with a gradient descent approach [19,20].

In total, N = 251 data frames were collected. Using the
computed calibration matrix X1, the cross-wire point repro-
jection error has a standard deviation of 1.84mm, 0.45mm,
0.88mm in the x, y, z directions, respectively.

Robot-to-marker calibration

An AXXB hand-eye calibration (Fig. 3b) is performed to
identify the robot-to-marker transformation X2, via the fol-
lowing steps:

1. After mounting the ultrasound probe to the UR3 robot,
the robot was moved to various poses, for which the tool
tip poses Ki from the robot kinematics and the marker
poses Ti from the optical tracker were recorded.

2. For two robot poses i, j , we can establish an equation
of Ai j ∗ X2 = X2 ∗ Bi j from the transformation chain,
where Ai j = K−1

i ∗K j and Bi j = T−1
i ∗Tj are the relative

motion matrices. With varying poses of the robot, a set of
equations in the form AX = XB can be established.

3. The system of AX = XB equations can be solved with
methods introduced in [21], and transformation X2 can
be computed.
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Fig. 3 Robotic evaluation
platform. a US-optical-marker
T Xp calibration setup. b
Robot-US AXXB calibration
and imaging setup. Green
arrows represent known
transformations and red arrows
represent calibration targets X1
and X2

With the computed X2, we evaluate the result by com-
paring matrix AX against XB. The translational difference
is 3.25 ± 1.79 mm (mean±std), and the rotational dif-
ference 0.68 ± 0.41 deg is computed by the taking the
angular amplitude of the relative rotation R = rot(AX) ∗ rot
(XB)�.

After identifying X1, X2 via T Xp and AXXB calibration,
the robot is programmed to scan the spine phantom within
the AutoInFocus workspace.

Patch-based validation platform

To enhance portability and reduce cost, a wearable solution
is preferred in point-of-care settings where lumbar punctures
are usually performed. The result of the simulation (Sect.
3.1) and robot-based platform (Sect. 3.2.1) showed that a
2-DOF motion of the proposed workspace can sufficiently
fulfill the coverage requirement. Therefore, we leveraged
the reduction of DOF to simplify and miniaturize the robot-
based platform into a small wearable device. We constructed
a prototype (Fig. 4a) with a skin-contact footprint of approx-
imately 100 mm × 50 mm. It is designed to be placed on the
patient’s back paramedianally to expose the needle access
(Fig. 4b).

The 2-DOFmotion is achieved with a parallel mechanism
(Fig. 4c). The transducer is attached to a link that spans two
parallel motor-driven linear stages. The link is connected to
the first linear stage with a revolute joint and the second with
a pin slot joint. A common motion of the two linear stages
causes the transducer to translate and a differential motion
causes the transducer to rotate. The kinematics is equivalent
to a prismatic joint followed by a rotation joint (Fig. 4d). Let
the two linear stage positions be q1 and q2, respectively, and
the minimum distance between the pins on the two linear
stages be dp. The forward kinematics from the base to the
ultrasound frame (Fig. 4d) is

TUS
0 =

⎡
⎢⎢⎣
cos(θ1) − sin(θ1) 0 d1
sin(θ1) cos(θ1) 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ TUS

1

whered1 = q1 and θ1 = atan2(dp, q2−q1). TUS
1 is a constant

dependent on the mounting position of the transducer.
In our prototype, the linear stages have 50 mm range of

motion. In the central 26 mm of the linear motion, the pin
slot joint rotates the transducer link up to 45 degrees in either
direction. The maximum rotation decays toward the limits of
the linear motion. The transducer is tilted 15 degrees toward
the midline to further enlarge the useful workspace.We filled
the gap between the transducer and the patient with a wedge-
shaped elastic gel pad (Gelatin #4, Humimic Medical) to
maintain acoustic coupling under the conical transducer sur-
face trajectory.

We modified the transducer (ATL P7-4) to reduce its
axial length and replaced the micro-coax cables with flat-flex
cables to allow the transducer to freely translate and rotate
inside the scanner housing.

The pre-procedure volume is acquired in a shuttling
motion. The transducermoves back and forth along the linear
axis. At the end of each linearmotion segment, the transducer
rotates a small increment.We used 2mm/s linear velocity and
5 degrees increment in the experiment, then selected 3 angles
for further processing to match the robotic experiment. Each
angle takes at most 25 s to acquire. The B-mode images were
acquired on an ultrasound machine (Ultrasonix SonixTablet)
at 30 fps.

Experiments and results

Simulation-based, robot-based, and patch-based AutoInFo-
cus setups are independently evaluated to perform imaging
experiments on the same spine phantom following the same
workspace configuration.
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Fig. 4 Patch-based validation
platform. a Prototype scanner. b
Proposed placement of the
scanner. c The parallel actuation
mechanism. d Equivalent
kinematics
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Quantitative visibility analysis with simulation

2D interspinous space visibility

In the current ultrasound-guided lumbar puncture workflow,
sonographers typically image directly from the top of the
vertebrae with a linear probe to visualize the interspinous
space for locating the needle insertion point [5]. However, as
shown in Fig. 5, only the top surfaces of the spinous process
will be visualized due to the shadowing artifact, leaving an
unclear definition of the interspinous space for needle inser-
tion. Instead, we show that with AutoInFocus, this space can
be better defined for identifying a needle insertion path in the
2D view.

A simulated 6-cm linear probe is placed in the median
sagittal plane in the simulator, and the AutoInFocus scan-
ner is placed parallel to the side of the spine midline on
the patient surface as shown in Fig. 6b. Then the cross-
sectional image Fig. 5b of the 3D reconstructed volume at
the median sagittal plane is taken to compare with the 6 cm
linear probe image shown in Fig. 5a. We empirically define
the start and end points of the interspinous space bound-
ary and delineate the visible boundaries from both images.
Based on the number of effective boundary pixels, we show
that the reconstructed AutoInFocus cross section has supe-
rior visibility of the interspinous space using an interspinous
space visualization score, which is defined as the ratio of
effective boundary pixel count between simulation and CT
ground truth. Specifically, 69.46% (414/596 pixels) of the
boundary is visualized in the AutoInFocus setup compared
to 44.13% (263/596 pixels) using the traditional linear probe
setup.

We also evaluate the imaging effectiveness with varying
scanner placements and imaging depths, as shown in Table 1.
In general, the AutoInFocus setup shows superior visual-
ization capability than the 2D linear probe in every setting.
Particularly, when placing the scanner at 4.7 cm lateral off-

set from the midline and imaging the bone at 4.3 cm depth,
the AutoInFocus setup delivers the best interspinous process
visibility (72.32%). However, although placing the scanner
farther away from the midline may allow a larger window
for needle insertion and operator motion, it can sacrifice the
visibility of the top part of the spinous process when it is
shallow.

3D spine model visibility

With theAutoInFocus setup, not only are the 2D interspinous
space boundaries more clearly visible, but also it generates
a better 3D representation of the spine model. We specif-
ically compare using a single angle from the AutoInFocus
workspace (Fig. 6a) representing a traditional wobbler 3D
probe and the full AutoInFocus workspace with 9 angles
(Fig. 6b). For each mesh triangle on the segmented spine
model, we extract the nearby voxels in the reconstructed sim-
ulation volume and record the average voxel intensity. If the
intensity is above a predefined threshold, the mesh triangle is
determined to be visible. Figure 6c and d shows the surface
visibility maps of Fig. 6a and b imaging setups, respectively.

Figure 6 shows that the full AutoInFocus workspace visu-
ally revealed a better 3D representation of the spinewithmore
complete spine anatomy. The covered surface area is 63.35
cm2 with single angle imaging and 158.77 cm2 with AutoIn-
Focus setup. For a total model surface area of 442.64 cm2,
AutoInFocus has increased the coverage ratio from 14.31%
to 35.87%.

Qualitative visibility analysis with the robot-based
and patch-based platforms

Phantom study with the robot-based platform

Using the calibrated robotic ultrasound system,weconducted
phantom experiments to demonstrate the benefit of using the
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Fig. 5 Interspinous space midline plane visibility comparison between traditional 2D linear array and AutoInFocus setup

Table 1 Interspinous space visualization scores from varying scanner
placement

Depth Lateral offset from midline

2.5 cm (near) 3.6 cm 4.7 cm (far)

4.3 cm (deep) 0.6946 0.7114 0.7232

2.8 cm 0.6980 0.7198 0.6695

1.6 cm (shallow) 0.7181 0.6510 0.5105

Higher is better. The depth is measured from the skin surface to the top
of the spinous process

AutoInFocus setup. For better demonstration, we select three
angles {45◦, 90◦, 135◦} from the AutoInFocus workspace,
between the ultrasound image plane and the lumbar midline.
For each angle, we sweep the transducer along the lumbar
midline to acquire a set of parallel B-mode images, then
reconstruct a volume.

The results are shown in Fig. 7. For each angle, we per-
formed a 3D reconstruction and manually segmented the
lumbar vertebrae in the 3D Slicer [22] platform follow-
ing a sequence of thresholding, image closing and opening,
and Gaussian/median smoothing. Then, we compounded all
angles as shown in Fig. 7d and performed the same segmen-
tation procedure to obtain the combined model in Fig. 7h.
For each mesh triangle location on the combined model, we
computed the average intensity of a 5 × 5 × 5 voxels 3D
block of all three volumes at the same mesh triangle center
location. Then, we determined the volume with the highest
average intensity at that location as the “dominant volume”
and painted the mesh triangle with the corresponding color.
The final result is shown in Fig. 7i, which demonstrates that
AutoInFocus increases the chance of getting an echo from the
complex spine anatomy with better-angled beams, as voxel
intensity will be generally stronger with more appropriate
specular reflection, thus providing superior visualization of

the 3D interspinous space. In the end, note that although the
scanner is placed on one side of the spine and only one upper
quadrant of the anatomy can be visualized due to bone shad-
owing artifacts, it can meet the clinical requirement as long
as the interspinous space is visualized.

Phantom study with the patch-based platform

We imaged the same spine phantom with the patch device,
which has the same AutoInFocus workspace. The trans-
ducer suffers from image quality loss due to the modification
process and only about 40 of the 64 elements are usable.
Therefore, the image quality should not be compared with
Fig. 7.

The reconstruction and visualization results from the
patch-acquired volume data are shown in Fig. 8. In this exper-
iment, the patch scanner ran 3 sweeps with different probe
orientations, and the acquired sweeps were aligned in space
for volume reconstruction. We manually registered the CT
model of the spine phantom to the reconstructed ultrasound
volume and showed the example 2D cross-sectional views
from the US-CT overlay volume in Fig. 8a–c. In Fig. 8d,
we can observe that a clear spinal shape can be visualized
using maximum intensity projection. When overlaying the
3D visualization of the model, most of the high-intensity
acoustic responses match the CT model surface as shown in
Fig. 8, demonstrating the fidelity.

Discussion

Improved visibility of critical anatomical features.Fromboth
Figs. 5 and 6, we can observe that the vertebra shapes can be
better revealed by the AutoInFocus setup. A clear definition
of the key anatomy is crucial for many clinical applications
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Fig. 6 3D anatomy coverage comparison. a Workspace with a single
insonification angle. The inset is the 3D rendering of the workspace
geometry (different view). b Workspace with 9 insonification angles.

c Surface visibility map of (a), where the blue mesh triangles repre-
sent that the nearby voxels have high response intensities in simulated
ultrasound volume. d Surface visibility map of (b)

such as lumbar puncture, where the interspinous space needs
to be defined for performing pre-procedure path planning and
intra-procedure needle insertion guidance.

Enables imaging optimization with multi-insonification
angles. As illustrated in Fig. 7, the quality of acoustic
responses of the bone varies with the direction of insonifica-

tion. For example, when imaged from an optimal angle with
minimal beamwidth artifact, the bone surface can be defined
sharper. As a result, the AutoInFocus workspace includes a
subset of high-quality beams, which enables quality-aware
smart volume compounding methods.
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Fig. 7 Robotic scans of a lumbar phantom from 3 different angles in the
AutoInFocus workspace. a–c Individual angle scans. d Compounded
volume. e–hManually segmented spinemodels corresponding to (a–d).

i The same model as in (h) but the mesh colors indicate the dominant
contributing volume for each mesh triangle

Fig. 8 Patch device phantom
scan. Three sweeps of data from
the AutoInFocus workspace
were selected for visualization.
(a-c) The transverse (a), coronal
(b), and sagittal (c) cross
sections of the 3D-reconstructed
ultrasound volume compared to
the CT cross-sectional
boundaries (white lines). (d)
The 3D reconstructed patch
ultrasound volume from
three-angle sweeps. (e) 3D
ultrasound reconstruction
overlaid with the CT model

Tolerates non-optimal probe placement. Traditional ultra-
sound image guidance for spine interventions is unforgiving
to probe placement due to shadowed anatomical landmarks
[1]. This is especially problematic in hands-free applica-
tions because the probe placement cannot be manually
readjusted during the procedure. Our design covers a large
workspace with a small footprint, thus tolerating some place-
ment errors and accommodating varying patient sizes as

shown in Table. 1. Figures 6 and 8 show that one good single
probe placement could visualize three interspinous spaces
with decent coverage in each. The size of the workspace is
mostly limited by the length of the translational motion. It is
virtually unlimited in the robot-based solution, but conform-
ing to the surface geometry of the skin during the entire scan
will require closed-loop force control. In the patch device
solution, a long translational motion requires a long rigid
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device, which can be unwieldy and unable tomaintain acous-
tic coupling due to the same skin conformation problem.

Hands-free. Both the robot-based and patch-based real-
izations minimize the learning curve and disruption of the
clinicalworkflowby allowing the physician to use both hands
to manipulate the needle and not restricting the needle with a
needle guide. In addition, the patch-based system enables the
following workflow: (1) The patch shows real-time B-mode
images in the transverse plane and guides the physician to
place the patch on the patient. (2) The patch completes a
full scan and displays a 3D volume and a sagittal view. (3)
The physician plans a needle path in the volume and starts
the needle insertion. (4) The transducer servos around the
needle to provide real-time updates to the display.

Conclusion and future work

In this work, we have introduced a new imaging paradigm
for spinal intervention guidance, and three evaluation plat-
forms were developed. It is shown to improve the range
and completeness of spine anatomy coverage in simula-
tion. Two realizations of AutoInFocus have been presented
with a robot-based setup and a miniaturized patch-based
setup. Imaging experiments of these two systems have
demonstrated the feasibility and superiority for imaging the
challenging spine anatomy.

In future studies, we will scan in vivo animal tissue, which
will enable us to develop algorithms for extracting spine bone
surfaces by taking advantage of the multi-angle volumes. In
addition, we will investigate increasing the frame rate via
online insonification angle optimization that looks for the
optimal subsets of volumes and ultimately integrate with the
image processing, needle tracking, and augmented reality
components to complete the clinical workflow and enable
future clinical studies.
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