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Improving real-time ultrasound spine imaging with a

Iarge—apertu re array

Ning Lu', Josquin Foiret", Yutong Guo’, Byung Chul Yoon'?*, Katherine W. Ferrara'*

Ultrasound offers a safe, low-cost alternative to computed tomography (CT) and magnetic resonance imaging for
spinal diagnostics and intervention by enabling real-time imaging. However, the complex structure of the spine
and acoustic shadowing from bones present challenges for ultrasonography. This study addresses these limitations
using an 8.8-centimeter 384-element large-aperture array and full aperture-based imaging protocols. Volumetric
scanning across multiple vertebrae was accomplished in 5 seconds using ultrafast, diverging wave acquisition. In
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seven healthy volunteers, the large-aperture array and diverging wave transmission improved resolution, contrast,
and visualization of the spinal canal, venous plexuses, and facet joints compared with conventional probes. A com-
parison between the coregistered CT and ultrasound scan confirmed the imaging accuracy. A simulated lumbar
puncture demonstrated needle tip visualization throughout the trajectory into the spinal canal. The results suggest
that large-aperture arrays, coupled with diverging wave imaging sequences, are a valuable tool for spine imaging

and image-guided intervention.

INTRODUCTION

Imaging plays a major role in the diagnosis and treatment of various
spine conditions including infection, inflammation, neoplasm, con-
genital abnormalities, and degenerative diseases (1). The current
mainstay modalities for spine imaging are radiographs, computed
tomography (CT), and magnetic resonance imaging (MRI), but
there are limitations when using these modalities for diagnosis and
interventional guidance. The spine is a flexible structure, and abnor-
malities such as nerve root compression can be positional (2), re-
quiring dynamic imaging. However, dynamic imaging is limited
with CT and MRI due to limited space and positioning within the
scanner. Additional dynamic imaging flexibility is achievable with
radiography or fluoroscopy, but each requires ionizing radiation and
is relatively poor for evaluating soft tissues. MRI-guided procedures
are not as accessible and may not be an option for patients with
metal, implants, or claustrophobia. Some procedures such as lumbar
puncture may be performed with manual palpation alone, but this
may not be feasible in patients with a large body habitus or advanced
degenerative changes.

Ultrasound is an attractive modality for spine imaging as it al-
lows dynamic, real-time imaging of the spine in any position with-
out jonizing radiation or a magnetic field. Recent studies have
shown that ultrasound imaging can facilitate the performance of
procedures by safely revealing anatomy that is difficult to obtain
solely with physical examination (3-6). However, ultrasound imag-
ing of deeper targets such as the spinal canal remains a challenging
task. The acoustic impedance mismatch between bone and soft tis-
sue substantially attenuates the acoustic intensity and limits the pen-
etration depth. Acoustic aberration through heterogeneous tissue
on the propagation path further degrades the image quality. Conse-
quently, the spinal canal and other features deep to the spinous pro-
cesses are often not visible on conventional ultrasound. Moreover,
conventional ultrasound images can be difficult to assess because of
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a restricted field of view (FOV) that is often smaller than the object
of interest, view-dependent artifacts, and limited resolution. The lat-
eral resolution achieved at a depth of interest is inversely propor-
tional to the F-number (the depth-to-aperture ratio) (7), i.e., at a
given depth, a large F-number (small aperture) reduces the resolv-
ing power (Fig. 1A). Therefore, small-aperture probes that are used
clinically are likely to suffer from poor image quality for deep tar-
gets, particularly in obese patients (8, 9).

Large-aperture arrays offer a large FOV and improve resolution
and contrast by reducing the F-number (10-13). In addition, the use
of half-wavelength or finer pitch in a large-aperture phased array
maintains high spatial resolution as a function of depth (Fig. 1A). In
a conventional focused beam imaging sequence, a small subset of
elements is used to form a focused beam, and such sub-aperture can
be translated from one side of the array to the other to insonify a
lateral range of locations without angular steering. This is often re-
ferred to as the “ray-line” method. However, the acquisition time for
the ray-line sequence increases linearly with the number of ele-
ments, thus limiting the frame rate of imaging with large-aperture
arrays. Advances in high-throughput ultrasound systems have en-
abled full control over a high number of channels (14), allowing par-
allel transmissions using plane waves (PW) or diverging waves
(DW) to achieve image quality comparable to conventional focused
beams but at video frame rates on the order of kilohertz by coherent
compounding (15, 16). Furthermore, parallel sub-aperture beam-
forming with graphics processing units (GPU) postprocessing on
distributed systems enables high-resolution structural and func-
tional imaging at video rates. Combining the use of a large aperture,
the ultrafast imaging sequence, and the parallel processing tech-
nique improves image quality in a wide FOV at a high frame rate for
applications such as musculoskeletal and liver imaging (11, 15, 17).

In this work, we present a panoramic ultrasound system combin-
ing a large-aperture array and ultrafast imaging sequence to image
the human spine dynamically. The proposed system improves the
imaging of spinal structures in the following manner:

1) Expanded lateral view: The combination of DW transmission
and large aperture offers an expanded lateral view that visualizes
three to four vertebrae in a single view in the longitudinal plane and
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Fig. 1. Large-aperture ultrasound array and the experimental setup. (A) Comparison of a conventional curvilinear probe 6C2 (left) and the very large array (VLA) phased
array (right). B-mode image quality was calibrated with a standard ultrasound phantom (CIRS Model 040GSE). Commercial probes are typically used with conventional fo-
cused beams, where the lateral resolution degrades rapidly as the imaging depth increases. We present the VLA array used with diverging wave (DW) transmissions, which
maintains lateral resolution over a larger depth range. The schematic was created in BioRender by the authors. x axis: azimuth; y axis: elevation; z axis: depth. (B) Diagram of
human volumetric spine scan setup. A coupling frame with a thin conformable rubber membrane is placed on the volunteers’ lower back, and the membrane-skin interface
is coupled with ultrasound gel. The VLA array is attached to a rigid rail on the frame in the transverse view, and the frame is filled with degassed water to couple between the
membrane and the array surface. Such a rigid frame minimizes air bubbles at the skin/water-bath interface and offers stable acoustic coupling. The B-mode images shown
in (A) are oriented in the x-z plane (into/out of paper) in (B). (C) Photo of the spine phantom for interventional procedures (tissue-mimicking background substrate not
presented). Colored triangles indicate the inlet and outlet of the three tubes embedded in the spine phantom for contrast agent injection.

structures distal to the midline, such as the transverse processes on  to sample unique angular sections of k-space but with different loca-

both sides in the transverse plane. tions of the virtual sources (18).

2) Enhanced resolution and contrast at an extended imaging To quantify the spatial extent of the transmitted intensity, we de-
depth: The spinal canal can be visualized with a contrast of up to  fine transmission angular coverage as the angle between the bound-
21.9 dB. ary of the transmission apodization mask and the transducer surface

3) Anatomical measurements: Visualizing the anatomical features  (Fig. 2A). Given the transmission aperture L and the maximal steer-
allows measurements of the dimensions of the vertebrae, which are  ing angle a, the angular coverage of PW +6,,, is calculated as
important for interventional guidance and diagnosis.

T

4) Real-time guidance: Guiding the lumbar puncture by tracking Opw = 5 t+a (1)
needle insertion and extraction is feasible with a high frame rate

during interventional procedures. Similarly, for DW, the transmission angular coverage of 0y is

This combination holds promise for improved ultrasound diag-  calculated as
nostic imaging and orthopedic procedural guidance.

)

rsino+L/2
Opw = g + arctan<—/>

rcosa
RESULTS

DW transmission improves image quality in a large FOV

We first evaluated the performance of various imaging sequences

where r denotes the virtual source radius.
For CW, the transmission angular coverage +0,, is calculated as

for a very large aperture (VLA) array in a standard ultrasound phan- ¥ Cos

tom and a tissue-mimicking spine phantom. Because the transmission arctan < m ‘ > whenr< 2sina
pattern determines the spatial distribution of the acoustic intensity, -

it directly affects the FOV, image quality, and dynamic range. We Ocw =1 > when r= T sina 3)
consider three transmission patterns for coherent compounding

in ultrafast imaging: DW, PW, and converging waves (CW; i.e., fo- n— arctan<&> when r> ——

cused beams with angular steering). These protocols steer the beam rsino—L/2 2sina
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Fig. 2. Comparison of different transmission sequences. (A) Schematic representation of the transmission angular coverage. (B) Transmission intensity map of coher-

ent compounding sequences simulated by the Verasonics software package. In each sequence, single-cycle pulses were transmitted 45 times with the entire aperture of

the VLA array (using all 384 elements). The red lines show the boundaries of angular coverage. (C) Tissue-mimicking phantom images with no aberration. Solid and dashed
circles denote the corresponding pairs of signal and background ROIs where the contrast metrics were examined in Table 2. A layer of agarose gel (~1.5 cm, sound
speed = 1540 m/s) was placed between the array and the CIRS phantom for acoustic coupling. Dynamic range = 80 dB for all images. Yellow arrows indicate the wire
targets at depths of 45 and 80 mm, which could not be fully resolved due to the limited angular coverage with CW. (D) Comparison of lateral resolution (FWHM, full width
at half maximum) as a function of depth for the set of wires located at x = 17.6 mm in (C). (E) Transmission intensity map of 384 conventional ray-line (RyLn) (left) and 384 DW
(right) simulated by the Verasonics software package. A sliding active sub-aperture with an F-number of 2 and a focal depth of 50 mm was used for the RyLn method. The
entire aperture of the VLA array (all 384 elements) was used for DW. Top row: Intensity maps of individual transmissions. Bottom row: Summed intensity maps of all 384
transmissions. (F) Standard phantom images acquired by the RyLn method (left) and DW (right). Red arrows indicate the difference in lateral resolution of the wire target.
Dynamic range = 65 dB. (G) Lateral resolution as a function of depth for the set of wires located at x = 14 mm in (F).

where r denotes the focal depth. As the maximum steering angle
VS [0, n/ 2], Opw > Opyw > B¢y always holds given the same steer-
ing range. We simulated the transmission intensity map in the Vera-
sonics software package with 45 transmissions and a maximal steering
angle of 30° using the following four imaging sequences: DW with
a virtual source radius of 100 mm, PW, CW with a focal depth of
120 mm, and CW with a focal depth of 80 mm (Fig. 2B). By placing
the virtual source behind the array, DW transmission samples a
larger angular section than the PW and CW, thus offering a large
angular coverage of +137.4° (Table 1).

In addition to angular coverage, acoustic field homogeneity is
crucial to ensure uniform intensity and high contrast across the
FOV. We analyzed the acoustic field homogeneity using three met-
rics: coeflicient of variation = o/p (where p is the mean and o is the

Luetal, Sci. Adv. 11, eadw2601 (2025) 25 July 2025

SD of the simulated acoustic intensity), edge-to-center ratio (ECR) =
Hedge / Peenter and far-to-near-field ratio (FNR) = pg,.. / e (Table 1).
We found that DW produce a homogeneous acoustic field with a
smaller coeflicient of variation of 0.39, a higher ECR of 0.67, and a
higher FNR of 0.60 compared to PW and CW, indicating a more
uniform intensity distribution across the FOV in both lateral and
depth directions (Fig. 2B and Table 1).

We acquired images using the four coherent compounding sequenc-
es in a standard ultrasound phantom (CIRS Model 040GSE). Images
acquired with DW and PW exhibited a nearly depth-independent,
uniform brightness distribution. In comparison, CW sequences
exhibited higher average transmission intensity near the focal depth
but showed a large intensity variation, with a substantial drop near
the lateral edges and at greater imaging depths (Fig. 2C). With CW,
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wire targets at depths of 45 and 80 mm (yellow arrows) could not be
fully resolved due to the limited angular coverage, whereas the DW
successfully visualized all wire targets.

We then analyzed the image quality in terms of contrast for hy-
perechoic cysts and lateral resolution for wire targets in a standard
phantom using different imaging sequences. No major differences
were observed in contrast ratio (CR), contrast-to-noise ratio (CNR),
and generalized contrast-to-noise ratio (gCNR) (19) (Fig. 2C
and Table 2). In addition, lateral resolution was similar across the
different imaging sequences (Fig. 2D), with some variation in the
resolution of the CW sequences near and far from the focus. By
placing a tissue-mimicking gelatin layer above the phantom, we fur-
ther showed that the use of PW and DW with the VLA enhanced the
FOV and maintained similar spatial resolution and contrast metrics
in the presence of aberration (fig. S1 and table S1). These results
confirmed that DW can maintain high image quality while provid-
ing a broader FOV.

Although equivalent spatial resolution can be attained with di-
verging and ray-line methods with commercial probes as described
in (20), the use of a large array with DW has unique aspects as the
required steering angle is relatively small and the protocol needed to
obtain a wide FOV differs. Here, we evaluate the performance of DW
with a large-aperture array in comparison to conventional ray-line
transmission. Conventional ray-line focusing uses approximately the
same number of transmissions as the number of elements, which is
384 in the case of VLA array; therefore, here we also acquired images
with 384 DW for comparison. We found that each ray line offered a
greater intensity at the focal depth compared to DW, however when
summing all transmissions together, the ray-line method generated a
spatially variant intensity distribution with lower amplitude near the

focal depth and higher amplitude otherwise (Fig. 2E). Instead, DW
produce a uniform acoustic field due to the larger spatial overlap be-
tween angular sectors between transmissions given the large activate
aperture size. In a standard phantom, the combination of large aper-
ture and DW enhanced lateral resolution substantially across the
depth dimension compared to the ray-line method (Fig. 2, F and G).

Large-aperture array improves human spine imaging

We evaluated the performance of spine imaging using the VLA array
compared to a 192-element curvilinear probe that is used clinically
(Acuson 6C2, Siemens, Issaquah, WA; 61-mm imaging aperture, cen-
ter frequency = 4.5 MHz, 90% fractional bandwidth, one-wavelength
pitch). The VLA array enhances the image quality substantially in
both male (Fig. 3 and fig. S2) and female (fig. S3) human volunteers.
In the transverse plane (i.e., horizontal plane that divides the body into
superior and inferior sections and is perpendicular to both the sagittal
plane and coronal plane), the VLA array maintains lateral resolution
in a larger depth range, allowing visualization of deep anatomical
structures including the posterior vertebral venous plexus and the spi-
nal canal. Details of the bone structures, especially features deep to the
spinous processes, were obscured by acoustic shadowing with the
conventional probe but successfully delineated with the VLA array
(Fig. 3). Taking advantage of large angular coverage provided by DW
transmission, more laterally located structures such as the facets and
transverse processes on both sides were visualized with the VLA array.
In the longitudinal plane (i.e., sagittal plane, which is vertically ori-
ented and aligned along the body’s long axis), the 6C2 probe visual-
ized two vertebrae within the FOV, whereas the VLA array imaged
four vertebrae in a single view (figs. S2 and S3). These landmarks can
be particularly useful for measuring the vertebrae dimensions in

Table 1. Evaluation of the angular coverage and transmission field homogeneity using ultrafast imaging sequences. Field homogeneity metrics are
calculated from the simulated transmission intensity using the Verasonics software package.

DwW PW CW (120 mm) CW (80 mm)
Angular coverage () 137.4 120 98.7 86.6
F|e|dhomogene|ty O i s s
Coefﬁaentofvanat,on s 039 e 054 P 090 P 090 e
Edge_to_centerrano(ECR) e 067 e 041 P 019 P 017 e
Far.to.near.ﬁe|drat,g(FNR) e 060 e 059 P 036 P 057 e

Table 2. Evaluation of contrast metrics using ultrafast imaging sequences in a standard phantom. Colors correspond to ROIs in Fig. 2C.

Sequence DW PW CW (120 mm) CW (80 mm)
Hyperechoic Cyst 45 mm (magenta)
AU ctoe Hyperecho:cCyst 130mm(cyan) oot

Luetal, Sci. Adv. 11, eadw2601 (2025) 25 July 2025
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diagnostics and for determining the target and trajectory of the spinal
needle in real-time guidance for interventional procedures.

Large-aperture array enables lumbar

vertebral measurements

We performed in vivo imaging on the lumbar and cervical spine of
seven healthy volunteers following the protocol approved by the In-
stitutional Review Board (IRB-44593). In all volunteers, the spinal
canals were visualized by the VLA array, which enabled quantitative
measurements of the lumbar vertebrae (Table 3). The spinal canal
depths are defined as the distance from the skin surface to the dorsal
and ventral aspects of the spinal canal, and the anterior-posterior

* White arrow = facet joint (partially
imaged at L2)

* White arrowhead = venous plexus
along the ventral spinal canal

* Yellow arrow = dorsal epidural fat/
ligamentum flavum

* Yellow arrowhead = spinous
process

* Asterisk = transverse process

dimension of the spinal canal is defined as the distance between the
dorsal and ventral spinal canal. Variations in the size and shape of
lumbar vertebrae were observed among volunteers, where larger di-
mensions of the vertebrae were associated with higher body mass
index (BMI) and larger body habitus.

Nonlinear beamforming improves visualization of details on
spine anatomical features

Although the use of short-lag spatial coherence (SLSC) beamform-
ing has been shown to improve visualization of bony anatomical
landmarks (2I), nonlinear beamforming methods have not been
fully investigated for spine imaging. We further evaluated the image

VLA + annotation

Fig. 3. Large-aperture array improves the image quality in the human lumbar spine. (A) Sagittal MRI shows the cross-sectional planes (orange dashed lines) where
the ultrasound images were acquired (volunteer #7, male, BMI 26.4). (B) Postprocessed images acquired by the VLA array in comparison to the conventional images and

reference MRI in the transverse view.

Table 3. Lumbar spine measurements from volumetric ultrasound scans of seven healthy human volunteers. F, female; M, male; std, standard deviation.

Volunteer Age Gender

Spinal canal Spinal canal A-P dimension of
depth: dorsal depth: ventral the spinal canal
(mm) (mm) (mm)

Mean =+ std

374+76 -

Luetal, Sci. Adv. 11, eadw2601 (2025) 25 July 2025

23.7+3.5

520+ 13.0 66.3 + 14.9 144+22
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quality improvement using a nonlinear, coherence-factor-weighted
delay-and-sum (CF-DAS) beamforming with the VLA array. Differ-
ent from the standard linear delay-and-sum (DAS), which integrates
the acoustic intensity across all channels uniformly, CF-DAS assigns
nonlinear weighting factors to suppress side lobes and incoherent
signals embedded in the received data (19). We found that the CF-
DAS was more robust to acoustic shadowing effects and improved
the image quality, especially the visibility of the spinous processes
and spinal canal (Fig. 4, A and B). To evaluate the ability to resolve
anatomical features of the spine, we analyzed the spatial resolution
by taking line profiles across the spine along the lateral (X) and
depth (Z) dimensions on human spine images. The line profiles re-
vealed improved resolution and enhanced discrimination of ana-
tomical features using CF-DAS in both depth and lateral dimensions
(Fig. 4C). We performed one-way analysis of variance (ANOVA) for
statistical analysis and showed that CF-DAS improved the CR, CNR,
and gCNR with a P value < 0.05 in 11 of 12 measurements (Fig. 4D).

Ultrasound-CT volume coregistration validated the accuracy
of ultrasound spine imaging

The lumbar spine structures were successfully acquired by a single
volumetric scan for all human volunteers without detectable physi-
ological motion (movie S1). Volumes up to 12 cm by 20 cm by 10 cm
(lateral by longitudinal by depth) were acquired within 5 s during a
single breath-hold. We used a previously acquired CT scan from one
volunteer (#2, 37-year-old male) as a reference to quantitatively eval-
uate the performance of the volumetric ultrasound scan using the

VLA array. The ultrasound volume and CT volume for the same vol-
unteer were coregistered in three dimensions (3D) and overlaid in
blending mode for visualization (Fig. 5, A and B). To evaluate the
agreement between measurements, we performed the Bland-Altman
analysis in GraphPad (GraphPad Software LLC, San Diego, CA,
USA) and showed a 95% agreement between measurements taken
from the ultrasound and CT images separately, with all differences
falling within the limits of agreement (Fig. 5C and fig. S4), confirm-
ing the accuracy of ultrasound volumetric scans with the large-
aperture array. The large FOV allowed real-time measurement of the
spinous process, facet, interspinous space, interfacet space, and spi-
nal canal depth, which can be useful in interventional guidance.

Volumetric spine scan enables 3D rendering of the vertebrae
To demonstrate the feasibility of 3D rendering of spine structure
based on ultrasound imaging, we scanned a spine phantom and seg-
mented the spinal bone structure from volumetric ultrasound data
based on morphological operations (Fig. 6, A and B). Bland-Altman
analysis showed a 95% agreement between measurements from ul-
trasound images acquired by the VLA array and direct caliper mea-
surements of the spine phantom (Fig. 6C), indicating the accuracy
of real-time volumetric ultrasound imaging. One limitation of ultra-
sound imaging is that the received echoes are obtained as a function
of the angle of incidence. At large incident angles, the specular re-
flection from the bone surface is not received on the 1D probe, re-
sulting in missing fragments in the reconstructed bone structures
(e.g., the sides of the spinous processes) (Fig. 6B). To expand the
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Fig. 4. Evaluation of spine image quality using linear and nonlinear beamforming. (A) In vivo spine images from a healthy volunteer using the DAS and CF-DAS
beamformer. The dashed lines denote where the line profiles were evaluated (yellow line: axial profile; green line: horizontal profile). TP, transverse process; SP, spinal
process; SC, spinal canal; VP, venous plexus; F, facet; L, lamina; M, muscle. Dynamic range = 90 dB for CF-DAS images and 60 dB for DAS images. (B) Magnified view of the
four ROIs. ROI1, lumbar spinous process (transverse); ROI2, lumbar facet (longitudinal); ROI3, cervical spinal canal (transverse); ROI4, lumbar spinal canal (transverse). The
circular regions denote where the contrast metrics were evaluated (solid line: signal region; dotted line: background region). (C) Line profiles from images in (A) for lumbar
spine transverse view (a), lumbar spine longitudinal view (b), and cervical spine transverse view (c). (D) Statistical analysis of image quality metrics in CR (top), CNR (bottom
left), and gCNR (bottom right). All data were plotted as the means + SD. not significant (n.s.): P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Raw data used
for calculating contrast metrics are provided in table S2.
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Fig. 5. Ultrasound-CT comparison. (A) Cross-sectional images of the lumbar spine in longitudinal view. Left: Ultrasound images. Middle: CT images. Right: Coregistered
ultrasound-CT blending images in pseudocolor (cyan: CT; magenta: ultrasound). A-P, anterior-posterior; S-1, superior-inferior. (B) Cross-sectional images of the lumbar
spine volume in transverse view. (C) Bland-Altman analysis of the lumbar spine measurements from the ultrasound (US) and CT images. The orange-shaded area indicates
the range that falls within the 95% limits of agreement. Details of the measurements are provided in fig. S4. The measured dimensions include interspinous space
(superior-inferior), spinous process length (superior-inferior), spinous process length (anterior-posterior), facet length (superior-inferior), interfacet space (superior-
inferior), and spinal canal depth (ventral). TP, transverse process; SP, spinal process; SC, spinal canal; VP, venous plexus; L, lamina.
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Fig. 6. Volumetric imaging of a spine phantom. (A) Cross-sectional images of the spine phantom from one translational scan (scan direction: transverse axis). SP, spi-
nous process; AP, articular process; SC, spinal canal; VB, vertebral body; *, interspinous space; TP, transverse process. Dynamic range = 100 dB. (B) Segmented bone struc-
tures of the spine phantom combined from three translational scans along the lateral axis with the array tilted at —15°, 0°, and 15°. Green arrows: spinous process; yellow
arrows: spinal canal; orange arrows: facet; blue arrows: transverse process. (C) Bland-Altman analysis of measurements from ultrasound spine phantom images and direct
measurements of the spine phantom using calipers. The orange-shaded area indicates the range that falls within the 95% limits of agreement. The measured dimensions
include interspinous space (superior-inferior), spinous process length (superior-inferior), spinous process length (anterior-posterior), facet length (superior-inferior), inter-
facet space (superior-inferior), and spinal canal depth (ventral).
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angular range where echoes can be received, we combined volumet-
ric data from three different angles to improve the 3D segmentation
of the spine phantom. For in vivo imaging, echoes from peripheral
soft tissue also interfere with the specular reflection, making it more
challenging to segment the bone structure (fig. S5 and movie S2).

Large-aperture array facilitates real-time guidance for
interventional procedures

We demonstrated the feasibility of ultrasound guidance for inter-
ventional procedures using the VLA array in a tissue-mimicking
spine phantom. B-mode images were acquired to guide lumbar
puncture in a phantom using the 6C2 and the VLA array (Fig. 7A
and movie S3). With the 6C2 probe, the needle tip was visible to the
level of the facet but was not visible along the deeper structures. In
comparison, the spinal needle was visualized and tracked all the way
into the spinal canal with the VLA array, confirming the position of
the needle in relation to the canal.

We used a microbubble injection to simulate intrathecal admin-
istration of contrast (e.g., myelogram). Hyperechoic signals from
the injected microbubbles in all three microtubes were identified
individually in the spinal canal of the phantom by the VLA array,
whereas the 6C2 imaging failed to detect microbubble signal
(Fig. 7B). These results demonstrate the utility of the VLA array for
real-time interventional guidance.

DISCUSSION

This study combines a large-aperture ultrasound array with PW and
DW transmissions and nonlinear imaging protocols to improve
spine visualization across a large FOV at video-rate acquisition. Al-
though the benefits of expanded array apertures and ultrafast imag-
ing sequences have been individually demonstrated, there remains a
critical gap in the literature regarding their combined use, particu-
larly for spine imaging. This study demonstrates a real-time pan-
oramic system to image the human spine with ultrasound. The
large-aperture array offers improved contrast, resolution, and pen-
etration depth, which cannot be achieved using conventional clini-
cal probes and acquisition systems. The large FOV allows the entire

A Lumbar puncture

vertebra to be visualized in the transverse view or three to four ver-
tebrae in the longitudinal view in a single B-mode image, which
boosts the intuitive utility of ultrasound with visualization of more
anatomical landmarks. The large-aperture array successfully re-
solved anatomical features at varying depths, including spinous pro-
cesses (the shallowest target), interspinous space, lamina, facet,
transverse processes, and the spinal canal (the deepest target) for all
seven human volunteers. Through the combination of the large
transducer aperture (8.8 cm) and parallel processing, a large volume
was acquired in 5 s during a single breath-hold with sufficient fidel-
ity to segment the bone structure of the spine.

Conventional ultrasound imaging systems typically use either
converging beams or scanned focused beams. Previously, Ahmed
et al. investigated image quality with a VLA array using full synthetic
aperture data (11) retrospectively decoded from focused beams by
REFoCUS beamforming (20). However, their evaluation focused on
a limited FOV of +30 mm. Here, we demonstrate that imaging with
the VLA array is synergistic with angular coherent compounding im-
aging sequences. This combination of capabilities is not available on
current commercial systems to the best of our knowledge. Our re-
sults showed that DW transmission improves the image quality in
terms of resolution, contrast, and field homogeneity in a larger FOV,
which offers a favorable and practical solution for human imaging.

Traditionally, ultrasound image quality can be highly operator
dependent with a handheld setup (3, 22, 23). In this study, we devel-
oped an operator-independent solution for volumetric scanning
during spine imaging by using a rigid frame with a conformable in-
terface to facilitate the volumetric acquisition. The current frame
design requires the human volunteer to be in the prone posture, but
a sealable coupler with a conformable interface is feasible for imag-
ing at other postures as needed while allowing access for interven-
tion. Although volumetric imaging is only demonstrated for the
lumbar spine herein, given the limited frame length, the methods
can be adapted to cover a larger volume of the spine for the diagno-
sis of scoliosis (4, 24-28) or real-time treatment guidance around
other musculoskeletal structures.

The capacity to visualize the spinal canal in 3D opens up many pos-
sibilities for image guidance during spine procedures. Interventions

B Contrast agent

Fig. 7. Real-time ultrasound guidance for lumbar puncture and contrast agent injection with the VLA array. (A) A needle was inserted into the spinal canal via the
interspinous space during the lumbar puncture procedure. Both the VLA array and the 6C2 system visualized the needle tip in shallow regions above the facet, but the
VLA array achieved better visualization following the needle tip and shaft all the way into the spinal canal. The orange X denotes the needle tip, and the yellow dashed
line indicates the needle trajectory. (B) The VLA array visualized the injected contrast agent in three microtubes (green, blue, and red arrowheads) embedded in the spine
phantom; these were not visible with the 6C2 imaging. Dynamic range = 70 dB for 6C2 images; dynamic range = 100 dB for VLA array images. The bottom image was
acquired using a pulse inversion sequence with the VLA array to suppress the static background signal and improve the microbubble visualization. F, facet; SC, spinal ca-
nal; TP, transverse process.
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such as lumbar puncture, myelogram, therapeutic injection, and bi-
opsy are common procedures for diagnosis and management of not
only spinal disorders but also central nervous system diseases. The
large-aperture array improves delineation of the spine anatomy and
allows real-time 3D segmentation, which can facilitate the procedure
and consequently decrease procedure time, failure rate, and/or mistar-
geting, especially in patients with a large body habitus and more chal-
lenging anatomy. Such capability may benefit a broad population of
patients as a more accessible alternative to fluoroscopy, CT, or MRI. In
the current study, we focused on the structural evaluation of the spine,
but this could be further augmented by functional assessment, which
is feasible with ultrasound. For instance, high-resolution Doppler im-
aging can help evaluate paravertebral soft tissue inflammation, infec-
tion, spinal neoplasm, and vascular malformations. Future studies will
explore strategies to improve the signal-to-noise ratio and sensitivity
for Doppler imaging through the spine. Although we only demon-
strated the practicality of ultrasound guidance using a spine phantom
here, future work will focus on using the large-aperture array for hu-
man patient procedures and investigating its performance in vivo.

The large-aperture array presented here is a 1D array, and the
out-of-plane (elevational) resolution is limited by the physical
length of the transducer element in the elevational direction. The
50- to 80-mm focal depth in elevation (with an elevational resolu-
tion of 3 mm) is reasonable for human volunteers with large BMI,
but for smaller size volunteers or volunteers with lower BMI, a
smaller focal depth may be desired to achieve optimal image quality
at shallow targets (fig. S3). The focal depth can be reduced by adding
a second acoustic lens on the array surface (fig. S6). A 2D array with
integrated electronics is under development and would be desirable
to achieve optimal elevational focusing at any depth (16, 29).

In conclusion, we improved image quality using a large-aperture
ultrasound array with DW transmissions and nonlinear DAS beam-
forming methods. Volumetric scans of the spine were demonstrated
approaching real time, which enabled measurements and 3D ren-
dering of spine anatomical features. Interventional procedures such
as lumbar puncture and contrast agent injection were guided and
visualized with ultrasound in a spine phantom. The results support
that volumetric and real-time ultrasound using a large-aperture ar-
ray can better visualize the spine compared to conventional ultra-
sound and may help supplement CT and MRI in diagnosing and
treating various spinal disorders.

MATERIALS AND METHODS

Large-aperture array system

The prototype 1D phased array was developed in collaboration with
Vermon (Tours, France) with a center frequency of 2.5 MHz, 80%
fractional bandwidth, and 384 elements with 0.23-mm pitch
(<wavelength/2) in azimuth, resulting in an 88.3-mm imaging aper-
ture. Compared to the clinical probe 6C2, the VLA array improves
the lateral resolution substantially by expanding the aperture and
reducing the pitch (Fig. 1A). The array has an elevational dimension
of 14 mm and an embedded lens with a radius of 65 mm and a sound
speed of 1015 m/s, offering an elevational focal depth of 80 mm. To
improve focusing for targets in the 50- to 70-mm range, we fabri-
cated an additional lens in-house using silicone rubber (Let’s Resin
15A clear silicon, China) with a sound speed of 1000 m/s to achieve
a 35-mm radius, reducing the focal depth to 60 mm (fig. S6). The

Luetal, Sci. Adv. 11, eadw2601 (2025) 25 July 2025

VLA array is interfaced with three 128-channel connectors and driven
by a programmable ultrasound platform that consists of three
Vantage 256 Systems (Verasonics Inc., Kirkland, WA) with external
clock synchronization to allow simultaneous access of 384 elements.
Impedance matching between the electronics and piezo elements
was implemented to achieve the optimal bandwidth and transmit-
receive efficiency.

Tissue-mimicking spine phantom

The background substrate of the phantom was prepared by dissolv-
ing 3% (w/v) agarose powder (Sigma-Aldrich, St. Louis, MO, USA)
in degassed water at 90°C using a magnetic stirrer, offering a sound
speed of 1490 m/s at room temperature (30). To mimic biological
tissue attenuation, 0.53% silicon carbide (SiC) powder, 0.94% alumi-
num oxide (3 pm), and 0.88% aluminum oxide (0.3 pm) were mixed
with the substrate homogeneously before solidification. A plastic
spine model containing L2 to L5 was embedded at the center of the
phantom. A rubber sheet with a thickness of % inch (1.905 cm) was
placed underneath the plastic spine to absorb reflected acoustic
waves from the bottom. For interventional guidance experiments,
we embedded three elastomeric tubes (Liveo Silicone Laboratory
Tubing, Dupont, Wilmington, DE, USA) with 0.5-mm inner diam-
eter in the spinal canal of the phantom to facilitate the simulation of
an intravenous injection procedure (Fig. 1C).

Image quality evaluation
The contrast metrics were calculated to quantify the image

contrast as follows: CR= ZOXloglo(pl/pO), CNR = %,
oo V0, +0,

gCNR=1— J min { py(x), p;(x) } dx, where p and ¢ denote the
mean and SD, respectively, and p(x) indicates the probability density
function within the region of interest (ROI) (31). Circular ROIs (de-
noted by 1 in equations) were placed in the target spine structures,
whereas background regions (denoted by 0 in equations) were
placed in the surrounding background tissue. During the imaging
sequence analysis, a tissue-mimicking gelatin layer (Gelatin #0,
Humimic Medical, Greenville, SC, USA) with a speed of sound of
1440 m/s was fabricated and placed between the array and the CIRS
phantom (1540 m/s) to introduce aberration in the imaging sequence
analysis. The gelatin layer was designed to have a rippled surface us-
ing random Fourier modes (32), offering a spatially varying thick-
ness range of 20 to 40 mm.

Human spine imaging protocol

All the human ultrasound imaging was performed following the
protocol approved by the Institutional Review Board (IRB-44593).
Informed written consent was obtained from all seven volunteers
involved in human spine imaging. One of the volunteers (volunteer
#7) was diagnosed with mild stenosis and herniation in the lumbar
spine. None of the other volunteers had a history of spinal injuries
or any treatments affecting the spinal region. The acoustic output of
the imaging sequence was calibrated using a needle hydrophone
(HNP-0400, Onda Corporation, Sunnyvale, CA, USA). At a focal
depth of 60 mm (with the additional lens), the measured mechani-
cal index (MI), spatial-peak temporal-average intensity (I,,), and

spatial-peak pulse-average intensity (I,,,) were 0.3 and 412 mW/

90of 11

G202 ‘Sz AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 jUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

cm? and 173 W/cm?, respectively. All values were below the FDA
(Food and Drug Administration) safety limits of 1.9 and 720 mW/
cm” and 190 W/cm?, respectively.

Single-cycle pulses were transmitted from 45 virtual sources at a
radius of 100 mm within a steering range of [—30, 30]° to coher-
ently form diverging wavefronts at each angle. The frame rate was
50 Hz, and radio-frequency signals were acquired at a sampling fre-
quency of 10 MHz. Uniform rectangular apodization was applied in
transmission and reception.

During the imaging session, the volunteers were positioned
prone on a horizontal bed. For 2D image acquisition, an operator
manually placed the array on the volunteers’ back with acoustic gel
for coupling and alternated between two orthogonal planes (trans-
verse and longitudinal views) to visualize the spine structures. A
previously acquired MRI scan of the lumbar spine from one volun-
teer (#7, 52-year-old male) was compared with the 2D ultrasound
images retrospectively as the anatomical reference.

For the volumetric scan, a coupling frame was placed on the vol-
unteers’ lower back and the VLA array was attached to a rigid rail on
the frame (Fig. 1B). For each scan, the array was manually translated
to collect 150 to 250 frames spanning up to 20 cm. To maximize the
acquisition rate, the scan was stored at a frame rate of 50 Hz without
reconstruction/display during acquisition (total time within 5 s per
scan). The array position was tracked by a rotary encoder (CALT,
China) with a spatial resolution of 0.032 mm and captured by an
Arduino Nano Board (Arduino, Somerville, MA, USA). Frames in
the volume scan were individually beamformed and interpolated
along the scan axis with a spacing of 0.2 mm. A sound speed of 1540 m/s
was used for image reconstruction.

Image reconstruction and postprocessing

Both DAS and CF-DAS beamformers were implemented on a GPU
(Titan RTX, Nvidia, Santa Clara, CA) with CUDA codes designed
in-house, allowing real-time processing (17). The reconstructed im-
ages were displayed using MATLAB R2021b (Mathworks, Natick,
MA). The average reconstruction time per frame was 0.03 and 0.07 s
for DAS and CF-DAS beamformers, respectively.

The image quality achieved by the VLA array was compared to
that obtained with the curvilinear probe 6C2. A clinical ultra-
sound system, Siemens S3000, controlled the curvilinear array and
acquired B-mode images using a conventional focused beam se-
quence. Image postprocessing is used in clinical scanners to improve
image quality (e.g., reduce speckle noise and enhance contrast), but
the postprocessing techniques vary across manufacturers and are kept
proprietary. We processed the raw beamformed images acquired by
the VLA array into the approximate clinical-grade images using a
standard postprocessing algorithm. Intensity normalization was
applied to enhance the contrast of the Gaussian-filtered VLA images,
followed by a local Laplacian filter for edge-preserving smoothing.
A board-certified neuroradiologist reviewed the postprocessed
images to ensure that no anatomical details were lost during im-
age processing.

Volumetric data analysis and 3D rendering

The CT scan of volunteer #2 offered an in-plane resolution of 0.77 mm
by 0.77 mm and a slice thickness of 1.25 mm. Coregistration be-
tween the CT and ultrasound volumetric scans was achieved by
linear transformation based on anatomical landmarks in 3D Slicer
(http://slicer.org). The coregistered volumes were blended additively

Luetal, Sci. Adv. 11, eadw2601 (2025) 25 July 2025

to analyze the correlation between the two modalities. Six groups of
measurements were taken from the ultrasound and CT images sepa-
rately after coregistration, including the interspinous space width
(superior-inferior), spinous process lengths (superior-inferior), spi-
nous process lengths (anterior-posterior), facet lengths (superior-
inferior), interfacet space widths (superior-inferior), and spinal
canal depths (ventral).

To segment the spinal bone structure from volumetric ultrasound
data, ROI masks were first manually drawn to exclude the non-spine
pixels from the volume. A 3D Gaussian filter was applied to smooth
the volume, followed by a Canny operator to find the boundaries of the
bone surface. The connected components near the boundaries were
then detected by a MATLAB function bwconncomp. We removed
small connected components to suppress non-bony clutter. The seg-
mented 3D volumes were rendered in MATLAB Volume Viewer.

Simulated interventional procedures

Two simulated interventional procedures were conducted in a spine
phantom. First, a lumbar puncture procedure was performed using
a 20-gauge needle. Before the needle insertion, the VLA array
was placed in the transverse view to determine the required pene-
tration depth of the needle based on the depth of the spinal canal.
Then, the VLA array was rotated 90° to the longitudinal view to
guide the needle into the spinal canal through interspinous
space. As a proof of concept for contrast agent injection with ul-
trasound guidance, homemade lipid-shelled microbubbles were in-
jected into the three elastomeric tubes embedded in the phantom,
and B-mode ultrasound images were acquired using the VLA
array pre- and postinjection. The microbubbles have a similar size
distribution to the clinically used agent (1 to 2 pm at a concentra-
tion of 1.2 X 10° microbubbles/ml) (33).

Supplementary Materials
The PDF file includes:

Figs. S1to S6

Tables S1and S2

Legends for movies S1to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1to S3
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