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Lung ultrasound (LUS) is nowadays widely spread in the clinical world. LUS analysis generally does not
rely on the dynamics of LUS videos, being thus limited to the evaluation of specific LUS frames. Only
rare LUS applications rely on dynamics, but without quantifying lung surface motion (LSM). For
example, the presence of pneumothorax correlates with the absence of pleural sliding. Moreover, pleural
sliding is assessed through the analysis of B-Mode LUS videos (3D data), which cannot guarantee PS to
reliably represent LSM. Hence, in this study, for the first time, we evaluated the possibility to estimate
LSM with 4-Dimensional (4D) LUS. Specifically, we assessed whether a velocity model based on
functional ultrasound (fUS) applied to 4D LUS data can be used to differentiate normal breathing [NBr]
(10-20 breaths per min [BPM]) and fast breathing [FBr] (40-60 BPM). Results showed how mean
velocity for FBr equals 13.17 mm/s, corresponding to 1.88 times the mean velocity for NBr (7.01 mm/s),
thus showing a variation consistent with the BPM change among NBr and FBr. Moreover, estimated
velocities are within physiological range, proving, for the first time, the possibility to estimate LSM with
4D LUS.
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1. INTRODUCTION

Lung ultrasound (LUS) is a safe and effective imaging technique that is widely used in clinical settings.
However, LUS data analysis is based on the visual interpretation of imaging patterns, as the presence of air does
not enable the anatomical reconstruction of the lungs'. A way to overcome this main drawback is by
implementing quantitative LUS solutions. Indeed, recent studies have been focusing on the characterization of
imaging patterns by extracting quantitative features from LUS data'. Quantitative features demonstrated
differentiating potential among different pathologies', highlighting the possibility of using them as relevant
parameters during the diagnostic process. However, the proposed quantitative solutions focused mainly on the
static aspect of LUS data!**, neglecting important information that might be found in the dynamics of LUS
videos. For example, dynamic features that reflect the lung surface motion (LSM) might hold significant
diagnostic potential.

A well-known imaging pattern that reflects LSM is pleural sliding. This pattern is defined as the lateral
movement of the pleural line on B-mode LUS videos [3D (lateral dimension, axial dimension, and time) data]®.
To clarify, the intersection between the pleural plane (PPl) and the imaging plane is represented as the pleural
line in the reconstructed B-Mode images [2D (lateral dimension and axial dimension) data]. Pleural sliding is
thought to be caused by the sliding against each other of the two pleural layers®, and is a relevant imaging pattern,
as its absence indicates a pathological case, such as pneumothorax’. Despite its importance, the quantification
of pleural sliding is still an open topic in research, and only few studies focus on it. Among these, the majority
quantified this pattern in terms of amplitude®'3. Few methodologies have been proposed to estimate the velocity
of pleural sliding (sliding velocity). Xiao et al.'* and Briganti et al.® estimated this velocity by applying Doppler
ultrasound, while Tzadok et al.'> implemented a speckle tracking technique. Xiao et al.'* and Tzadok et al."”
reported velocity values within a physiological range (order of a few millimeters per second [mm/s]), whereas
Briganti et al.® reported velocities on the order of tens of centimeters per second (cm/s).

Even though these studies provided some insightful results, the implementation of these techniques might
not be suitable because their assumptions may not be valid in LUS data. For example, a fully formed speckle
pattern cannot be assumed to be present on the pleural line. Moreover, they analyze cross-sectional 3D data
(lateral dimension, axial dimension, and time), overlooking motion along the elevation dimension. This type of
data could not guarantee a reliable representation of LSM, highlighting the need for 4D imaging. Beyond LUS
application, other motion tracking approaches exist in ultrasound imaging (e.g., Kasai'®), and they can be
explored in future studies for comparison with the proposed approach.

The objective of this study is to estimate LSM velocity with a velocity model based on functional ultrasound
(fUS) applied to 4D LUS. Specifically, we assess whether this feature can differentiate between normal breathing
(NBr) and fast breathing (FBr). The breathing rates of NBr and FBr are approximately 10-20 breaths/min and
40-60 breaths/min.

The rest of the paper is structured as follows. In Section 2, the proposed methodology is explained. In Section
3, results are discussed. Finally, Section 4 summarizes conclusions and future work.

2. METHODOLOGY

A. DATASET

In this study, data were acquired from a healthy volunteer (protocol 2025-056 approved by the Ethical
Committee for Research, University of Trento). The acquisition protocol involved two sessions with different
types of breathing (NBr and FBr). The healthy volunteer was asked to breathe normally during the first session
and to increase the breathing rate during the second session. In both sessions, the volunteer was scanned by
placing the probe on the right anterior chest region, and a 5 seconds video was acquired.

A us4R-lite™ scanner (us4us, Varsaw, Poland) equipped with a Vermon row column array (RCA) 64+64
(3 MHz, bandwidth ~70%) probe (Vermon, Tours, France) was utilized for data acquisition. Radiofrequency
(RF) 4D videos were acquired with a 4-angle plane wave compounding. A 3-MHz pulse (1 cycle) was used
during transmission, and a sampling frequency of 65 MHz utilized in reception. To reconstruct 2x2x5 cm (along
lateral, elevation, and depth dimensions) volume images, a volume rate (VR) of 40 Hz was utilized.

Proceedings of Meetings on Acoustics, Vol. 60, 020001 (2026). Page 2
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Figure 1. Estimation process of LSM velocity. The process pipeline is outlined in the center column of the figure.
The corresponding outputs of each step of the pipeline are presented in the left column for Normal Breathing (NBr)
and in the right column for Fast Breathing (FBr). The rows of the figure represent the five steps of the process.
Row i) highlights the VOI selection, defined as to totally include the pleural plane (PPI). Row ii) reports some
examples of FFT of slow-time intensity (STI) signals. Row iii) highlights the selection process of fp(i’}.’ K’ identified

as the maximum magnitude on the FFT. Row iv) shows the estimated vy jy) . Each pixel of the reconstructed
volume is color-coded according to its own velocity. Row v) reports the mean vy ; ) values.
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Figure 2. This figure illustrates the case of a moving scatterer (blue circle) influencing the intensity of a
given pixel p(i,j, k) (highlighted in light blue). In this example, the pixel is depicted as two-dimensional
(2D), for simplicity. As a consequence, the coordinate j (spatial component along elevation dimension) is
fixed, in this example. Across four time instants (t1, t2, t3, and ty), the scatterer moves in space along the
lateral dimension. In t: and t;, the scatterer interacts with the ultrasound beam profile (light green area)
and, therefore, influences the STI signal (plots in the left column). The spatial length of this interaction
is determined by the ultrasound beam profile along lateral dimension, which is equal to the lateral
resolution (Lp).

B. VELOCITY ESTIMATION

For each acquisition, a velocity model based on fUS was applied to estimate LSM velocity. The process
workflow applied to the RF data acquired during NBr and FBr is illustrated in Figure 1. To further clarify, the
processed RF data consist of a 4D matrix (one for NBr and one for FBr) composed of 200 volumes (2x2x5 cm
volumes acquired at a frame rate of 40 Hz for 5 seconds). No upsampling was performed along slow time to
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Figure 3. This figure illustrates the case of a moving scatterer (blue circle) influencing the intensity of a pixel
p(,j, k) (highlighted in light blue) in 4D B-mode imaging. In this case, a scatterer has an influence on the STI
signal when moving within the lateral and the elevation resolutions.

increase the number of frames, and no motion compensation approaches was applied to the RF data. The process
applied to the RF is divided into the following five steps.

i)  In the first step, the volume of interest (VOI) is defined as to totally include the PPI, i.e., from
approximately 17 to 22 mm along depth and covering the entire lateral and elevation dimensions
(see Figure 1.1).

Then, the velocity of each tridimensional (3D) pixel (p(i, j, k)) is estimated by implementing the second, third,
and fourth steps for each 3D pixel.

i1) Specifically, the 200-points Fast Fourier Transform (FFT) of the slow-time intensity signal (STI) is
computed in the second step (Figure 1.i1).

iii)  Then, in the third step, the frequency at which the FFT shows the maximum magnitude (see Figure
L.iii) is selected as the pixel frequency (f(; jx)). To clarify, no specific separation criteria have
been utilized when selecting the FFT peaks (fy(; j k) is only defined as the frequency at which the
FFT shows the maximum magnitude).

iv)  In the fourth step (Figure 1.iv), f,( j k) i used to derive LSM velocity (v, (; j x)) by implementing
a velocity model based on fUS.

Specifically, the velocity model we developed considers the frequency content of STI signals to be correlated
with the velocity of scatterers moving within the pixel field of view (FOV). The FOV is determined by the
beam profile and, consequently, by the resolution. In 3D B-mode data (lateral dimension, axial dimension,
and time), the lateral resolution determines the interaction length, which is the maximum length within which
a moving scatter influences the STI signal (see Figure 2). To further clarify, we can consider the example
depicted in Figure 2, where a moving scatterer is influencing the intensity of a given pixel p(i, j, k). In this
example, the pixel is depicted as two-dimensional (2D), for simplicity. As a consequence, in this example,
the coordinate j (spatial component along elevation dimension) is fixed. We here assume a movement of the
scatterer only along the lateral dimension, across four time instants (¢;, #2, 3, and #4). Here it is also important
to highlight how x; is the physical position of the scatterer along the lateral dimension, whereas the index i
indicates the pixel coordinate along the lateral dimension. At #; the scatterer is not intercepted by the
ultrasound beam, thus the intensity would not change (it will remain O in this example). In ¢, and #3;, the
scatterer interacts with the ultrasound beam profile (light green area in Figure 2) and, therefore, influences
the STI signal (it will become 1, as shown in the left column of Figure 2). The spatial length of this
interaction is determined by the ultrasound beam profile along lateral dimension, which is equal to the lateral
resolution (Lg). In other words, the maximum spatial length that a scatterer can travel in the STI sampling
interval and still have an influence on the STI signal is shown here to be equal to the lateral resolution (Ly).
Finally, in #,, the scatterer is not intercepted by the ultrasound beam anymore, thus the STI signal will go
back to 0. As the same concept can be applied along the elevation dimension, in 4D data, the FOV is
determined by both the lateral (L) and the elevation (ER) resolutions, as shown in Figure 3. In this case,
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the interaction length is defined as the maximum of the two resolution values. Indeed, given that the
movement can be along the lateral or elevation dimensions, the maximum measurable velocity depends on
the broadest (and, thus, worst) resolution between the lateral (Lg) and elevation (E) resolutions. However,
it is important to clarify that this a simplified model, as the scatterer can potentially move along a direction
that is a combination of the two dimensions (lateral and elevation). Moreover, as the imaging strategy is
supposed to be symmetric, we theoretically would not expect differences in the two resolutions. However,
as the experimental measurements of the resolution were performed considering a wire phantom [CIRS
General Purpose Ultrasound Phantom (CIRS/Sun Nuclear, Norfolk, Virginia, USA)], which needed to be
rotated of 90 degree to measure the two resolutions along the two orthogonal dimensions (i.e., lateral and
elevation dimensions), these experimental measurements could lead to differences (300 um at -6 dB, in this
case) in the L and ER. Therefore, to be consistent with the theoretical symmetry of the imaging strategy,
we decided to compute the average between the two resolutions, to estimate the velocity. This average
resulted to be 3.48 mm at -6 dB. Consequently, the velocity model to estimate LSM velocity is defined as
follows

Lp + Eg .
Up(i,jk) = (T) 2 foajn Yr(,j k) €VOI (1)

It is important to clarify that L, and Ep were measured and estimated by using the same
transmission/reception schemes (4-angle plane wave compounding) utilized to acquire the data from the
volunteer. The resolutions were estimated with a wire phantom, and the wire’s depth was approximately equal
to the PP1 depth (i.e., 20 mm). Given these premises, it is straightforward that the interaction length at a 20-mm
depth can be approximated with the lateral (L) and elevation (ER) resolutions of the system (given that the latter
were measured by acquiring data from the wire phantom with the same transmission/reception schemes utilized
to acquire the data from the volunteer). Theoretically, a plane wave imaging strategy with no compounding
would lead to a wider beam and, according to equation (1), that would increase the capability of this approach
to estimate higher velocities. Moreover, a plane wave imaging strategy with no compounding would allow the
increase of the frame rate, thus allowing the estimation of even higher velocities. However, given that the highest
velocity that we can estimate with the utilized 4-angle plane wave compounding acquisition strategy is already
particularly high (139.20 mm/s) for LSM, we choose it to perform the acquisitions.

v)  As a final step, the mean vy,(; j x) is computed (Figure 1.v) for each case (NBr and FBr), to enable
comparison.

3. RESULTS AND DISCUSSION

Figure 1 (row iv) illustrates the reconstructed volumes with each pixel color-coded according to its own
velocity. The difference in color between the two volumes highlights the variations in LSM in the two cases.
This difference is also reflected in the mean v,,; j k) values reported in Table 1. The mean vy, j k) are 7.01 mm/s
and 13.17 mm/s for NBr and FBr, respectively. The median v, j x) are 5.56 mm/s and 9.74 mm/s for NBr and
FBr, respectively. By looking at the full distributions of the two velocity maps (Figure 4), it is clear how the two
distributions are significantly different. Indeed, the Mann-Whitney U test!” (performed with the ranksum
MATLAB function) resulted in a p-value < 0.001. These values are consistent with the increase in breathing rate
for FBr with respect to NBr, highlighting the potential of this methodology to detect physiological changes.
Finally, the estimated velocities are within the physiological range, proving the possibility of estimating LSM
velocities with 4D LUS.

Table 1. Estimated mean vy ;

i Mean v,; ;
Breathing type Breathing rate p(ijK)

[breaths/min] [mm/s]
NBr 10 — 20 7.01
FBr 40 — 60 13.17
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Figure 4. This figure shows the full distributions of the velocity maps obtained for Normal Breathing (NBr) [left]
and Fast Breathing (FBr) [right]. On top, the obtained velocity maps are shown with a different colormap compared
to the one used in Figure l.iv. The dynamic range of the colormap is also different, to render it consistent with the
daviolinplot'® of the full distributions (bottom). The white lines on the daviolinplot'® indicate the median values of
the distributions.

4. CONCLUSION AND FUTURE WORK

In this study, we presented a new methodology to estimate the LSM velocity by applying a velocity model
based on fUS to 4D LUS data. The use of 4D data potentially presents more reliable results with respect to the
typical B-mode cross-sectional 3D data, as 4D data also include the elevation dimension. The results highlight
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the ability of the methodology to estimate velocity within the physiological range and to detect variations in
breathing. Despite this preliminary results demonstrated the validity of this work, we would like to highlight
how this represents a feasibility study with only one volunteer. Future work will analyze a higher number of
subjects to increase the robustness of the results. For example, data acquired from different scanning areas could
report differences in LSM, as highlighted in previous studies®®!*. Moreover, we plan to conduct experimental
studies, in which the LSM velocity is controlled and known, to validate the proposed approach and compare its
performance with more conventional motion estimation approaches (e.g., Kasai'®). Finally, this methodology
could be utilized to detect differences in velocity among different lung pathologies, potentially characterizing
them. This could improve the clinical relevance of this methodology in the diagnosis of lung diseases.
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