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Abstract. Reliable identification of tissue transitions during ultrasound-
guided needle insertion remains challenging, particularly when needle-tip
visibility is degraded by imaging geometry or acoustic artifacts. Most
prior work focuses on spatial localization, while fewer approaches ad-
dress mechanically meaningful events such as boundary crossing between
adjacent tissues. This study investigates whether proximal vibroacoustic
(VA) sensing can detect tissue transitions during insertion. VA signals
recorded at the needle hub were analyzed using a time–frequency repre-
sentation, and statistical similarity to tissue-specific reference segments
was quantified using the first-order Wasserstein distance. Transition time
was derived from a log-distance ratio signal indicating regime change. Ex-
periments were conducted on 42 controlled insertions in a layered ex-vivo
biological phantom with synchronized ultrasound (US) video. Results
show consistent regime shifts at tissue boundaries and temporal agree-
ment with US-based annotations across different visibility conditions.
These findings indicate that proximal VA sensing captures mechanical
interaction changes associated with tissue transitions and may provide
complementary feedback during US-guided procedures.

Keywords: Vibroacoustic · Ultrasound needle guidance · Needle track-
ing.
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1 Introduction

Ultrasound-guided needle insertion is widely used in minimally invasive proce-
dures such as biopsy, regional anesthesia, vascular access, and percutaneous ther-
apy [6]. During these interventions, clinicians advance a needle toward a target
under real-time ultrasound (US) imaging. Although US guidance is well estab-
lished, accurate needle navigation remains technically demanding and strongly
dependent on operator experience [9].

A critical moment during insertion is the crossing of a tissue boundary. As
the needle traverses layered anatomical structures, it transitions between tissues
with different mechanical properties [11, 7]. Correct identification of these tran-
sitions is important for maintaining orientation, avoiding unintended structures,
and safely reaching the target. However, reliable visualization of the needle tip in
US is not always possible [10]. Tip visibility depends on insertion angle, imaging
conditions, and artifacts such as speckle or shadowing [12]. In out-of-plane inser-
tions or low-contrast settings, the exact transition moment may not be clearly
visible, increasing reliance on indirect visual cues and haptic perception [1].

Most technological solutions for needle guidance focus on spatial localization
[3]. Image-based methods attempt needle detection or segmentation in US images
but may degrade under challenging imaging conditions. External tracking sys-
tems, including electromagnetic or optical navigation, provide additional spatial
information [5], yet require dedicated hardware, calibration, and workflow inte-
gration [3], increasing setup time and procedural complexity [13]. Instrumented
needles with embedded force sensors have also been explored [4, 17]. While these
approaches improve geometric tracking, they do not directly capture mechanical
interaction changes occurring at tissue boundaries.

From a mechanical perspective, tissue transition involves altered interaction
conditions at the needle tip [11]. Differences in stiffness and structure influence
insertion dynamics and may generate vibrations that propagate along the nee-
dle shaft as structure-borne waves. These mechanically induced signals can be
measured proximally, away from the contact point.

We refer to vibroacoustic (VA) sensing as the measurement of such signals at
the needle hub, outside the patient’s body. Because sensing occurs proximally,
the distal needle geometry remains unmodified. The recorded signal reflects in-
teraction dynamics and may provide information complementary to US imaging
[8].

Previous studies have reported VA responses during needle insertion, demon-
strating distinct signal patterns associated with structural transitions such as
peritoneum puncture in cadaveric models, material changes in layered phantoms,
and puncture or cavity events in layered synthetic phantoms [14, 15]. Beyond
needle insertion, VA tissue–instrument interaction signals have also been used
for biological tissue differentiation during computerized palpation [16]. However,
prior work has not systematically analyzed tissue-to-tissue transition events dur-
ing continuous US-guided needle insertion in biological tissues, nor evaluated
temporally localized changes in proximal VA measurements under varying US
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needle-tip visibility. It therefore remains unclear whether VA sensing can provide
consistent information about boundary crossings during US-guided procedures.

In this work, we investigate proximal VA sensing as a complementary modal-
ity for tissue transition awareness during US-guided needle insertion. Synchro-
nized US and VA recordings were acquired during controlled insertions into lay-
ered ex vivo tissues. A multiscale time–frequency representation and a regime-
change detection framework were applied to identify transition points. The main
contributions are twofold. First, we demonstrate that tissue-to-tissue transitions
can be identified from proximal VA measurements, including cases with lim-
ited US needle-tip visibility. Second, we show that the VA signal exhibits stable
intra-tissue regimes and distinct dynamical changes at boundary crossings. These
findings support proximal VA sensing as a complementary perception channel
and provide a foundation for interaction-based tissue characterization.

2 Methods

2.1 Experimental Setup and Data Acquisition

A total of 42 US-guided needle insertions were performed. Experiments were con-
ducted using a multilayer phantom composed of two ex vivo biological tissues:
bovine liver and chicken breast. The tissues were embedded in gelatin (Plat-
inum Bloom 240) to provide structural support. The two tissue samples were
positioned in direct contact with each other to create a defined tissue-to-tissue
transition interface, allowing controlled insertion through consecutive biological
layers. All insertions were performed using a 20G SPROTTE needle (Pajunk
GmbH, Germany). VA signals generated during needle–tissue interaction were
recorded using a proximal VA sensing module and acquisition system (SURAG
Medical GmbH, Germany). The sensing module was connected directly to the
needle hub via a standard luer-lock interface, without modification of the distal
needle geometry (Fig. 1 - Components). The module communicated wirelessly
via Bluetooth with a tablet computer (iPad, 10th generation), which served as
the acquisition and storage unit of the system. Signals were visualized in real
time and stored in WAV format at a sampling frequency of 16 kHz.

US imaging was performed using a B-mode system (GAMPT mbH, Germany)
equipped with a 5 MHz linear probe. US videos were recorded at 60 frames
per second. Synchronization between US and VA recordings was achieved by
generating a common physical event visible in both modalities. At the beginning
of each experiment, the needle was tapped three times against the US probe.
These taps produced visible artifacts in the US image and corresponding peaks
in the VA signal, enabling temporal alignment of both recordings.

From the recorded US videos, three time points were manually annotated: the
time of first contact between the needle and the first ex vivo tissue (tentry), the
time of transition between the two biological tissues (ttc), and the time at which
the needle exited the second ex vivo tissue (texit). Annotations were performed
frame-by-frame using the recorded US videos.
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Fig. 1. Experimental setup for synchronized US and VA data acquisition, representing
the components, acquisition setup, and procedure.

2.2 Data Processing

The data processing strategy is to take needle insertion procedure as a transi-
tion between two interaction regimes corresponding to the two tissue types. VA
signals are transformed into a time–frequency representation, and an interaction-
sensitive frequency band is extracted to compute a one-dimensional indicator.
The statistical behavior of this indicator within each tissue is characterized using
reference segments. To track regime evolution over time, a sliding window is com-
pared to these references using the first-order Wasserstein distance, which quan-
tifies differences between empirical signal distributions and measures similarity
to each tissue-specific regime [2]. The resulting log-ratio signal reflects similarity
to either regime and enables identification of the tissue transition. In parallel, US
video data are processed independently to derive a motion-based visibility indica-
tor. This allows evaluation of VA-based transition detection under varying levels
of needle-tip visibility. A schematic overview of the complete workflow is shown
in Fig. 2. The VA signals were first preprocessed to remove DC components and
reduce background noise. The DC component was removed by subtracting the
signal mean. Noise reduction was performed using spectral gating: the spectro-
gram was computed, a frequency-dependent noise threshold was estimated, and
a binary spectral mask was applied to suppress components below this thresh-
old, yielding a denoised signal. A continuous wavelet transform (CWT) with a
Morlet mother wavelet was applied to obtain a time–frequency representation.
From the CWT spectrum, a pseudo-frequency band showing strong dynamical
variations during insertion was selected. The corresponding CWT coefficients
were averaged across scales to derive the one-dimensional temporal indicator
ICWT(t).

Transition analysis was performed using a reference-based Wasserstein dis-
tance framework. For each recording, two reference segments were extracted
from ICWT(t). The first segment, denoted S1, was selected within the interval
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Fig. 2. Overview of the proposed processing framework.

[tentry + 100ms, ttc − 100ms], corresponding to insertion within the first tissue.
The second segment, denoted S2, was selected within [ttc+100ms, texit−100ms],
corresponding to insertion within the second tissue. Each segment had a du-
ration of 300ms. Prior to distance computation, segment values were normal-
ized. A sliding window of 300 ms with 90% overlap was applied over ICWT(t).
For each window W (t), two first-order Wasserstein distances were computed
as D1(t) = W

(
W (t), S1

)
and D2(t) = W

(
W (t), S2

)
, where W (·, ·) denotes the

Wasserstein distance between empirical distributions. A log-ratio signal was then
defined as R(t) = log

(
D1(t)
D2(t)

)
. Negative values of R(t) indicate higher similar-

ity to the first-tissue reference segment, while positive values indicate higher
similarity to the second-tissue reference segment.

The transition time t∗ was defined as the time instant at which R(t) crossed
zero with maximum slope in the vicinity of the regime change. For population-
level analysis, each R(t) signal was temporally aligned at t∗ and normalized to
the interval [−1, 1] prior to averaging. To quantify agreement with US-based
annotation, the absolute timing difference was computed as |∆t| = |t∗ − ttc| for
each insertion.

Needle-tip visibility was quantified independently from the US video using
motion analysis along the insertion path. First, the needle path was defined by
manually annotating the initial and final visible tip positions and constructing
a central insertion axis between them. A corridor of ±35 pixels around this
axis was retained to account for slight needle bending, while regions outside
the corridor were excluded. Within this corridor, a motion energy map was
computed to capture temporal intensity changes along the insertion direction.
The corridor was divided into 200 equally spaced patches along the axis. For
each frame, squared frame-to-frame intensity differences were calculated within
each patch, yielding a time-resolved spatial distribution of motion energy that
highlights localized motion along the needle path. From this motion energy map,
a visibility indicator was derived by extracting, for each frame, the maximum
motion energy value across all patches.
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When the needle tip is clearly visible and advancing, localized motion en-
ergy is concentrated along the axis, resulting in higher indicator values. When
the tip is poorly visible, motion energy decreases and the indicator correspond-
ingly drops. For each insertion, the median value of the visibility indicator over
the insertion interval was used to assign the recording to one of three visibility
groups (high, medium, or low) using empirically selected thresholds. These visi-
bility groups were subsequently used to analyze the consistency of VA transition
detection under varying levels of US visibility.

3 Results and Discussion

Figure 3 presents qualitative examples from three insertions with good, medium,
and low needle-tip visibility in US. The three columns correspond to individual
recordings, and the five rows show different signal representations. Row (a) dis-
plays the time–position motion energy map within the predefined needle corridor,
and row (b) the corresponding visibility indicator. Row (c) shows the VA CWT
spectrum, with dashed white lines marking the pseudo-frequency band used to
compute the CWT-band indicator ICWT(t) in row (d). Row (e) presents the
log-ratio signal based on the Wasserstein distances to the two tissue reference
segments. Green dashed lines indicate the US-based manual annotations tentry,
ttc, and texit. Rows (a–b) demonstrate the variability of US visibility across
recordings. In the good-visibility example, a clear diagonal motion-energy trace
is visible throughout the insertion. In the medium-visibility case, the trace weak-
ens around the expected transition region. In the low-visibility example, motion
energy remains low across the entire insertion, indicating poor needle-tip visibil-
ity. Despite these differences, the VA analysis shows consistent behavior around
the tissue transition.

The CWT spectra in row (c) indicate that the main excitation changes oc-
cur in the low pseudo-frequency range (5–120 Hz), used to compute ICWT(t).
The indicator in row (d) shows a clear change around ttc in all cases. The log-
ratio Wasserstein signal in row (e) reveals two distinct regimes separated by an
abrupt change near ttc, even when the transition is not clearly visible in US.
Small temporal differences between the annotated ttc and the detected time t∗

(black dotted line) are expected under uncertain US-based tip annotation and
are further analyzed in Fig. 3.

Figure 4 shows a population-level comparison of US visibility and VA regime
behavior across all 42 insertions. The left heatmap presents the visibility indica-
tor for each insertion, sorted from highest to lowest visibility, with time normal-
ized between needle entry and exit. Visibility decreases from top to bottom, and
several recordings show very low motion energy throughout. The right heatmap
displays the corresponding log-ratio Wasserstein signals in the same order. Sig-
nals were temporally normalized and aligned so that the detected transition time
t is centered at zero.

A clear regime separation is visible across all recordings, with negative val-
ues before and positive values after the transition. The sharpness and contrast
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of this change remain comparable even in low-visibility cases, indicating that
the VA regime transition is consistently identifiable independent of US visibil-
ity. Figure 5(b) presents the absolute timing difference |∆t| = |t − ttc| between
VA-based transition detection and US-based manual annotation, grouped by vis-
ibility level. Timing differences are smallest in high-visibility cases and increase
for medium and low visibility, consistent with greater uncertainty in US anno-
tation when the needle tip is poorly visible. Importantly, the VA regime change
remains identifiable across all visibility levels (Fig. 5(a)), indicating a consistent
change in interaction dynamics even when visual confirmation is limited.
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Fig. 3. Qualitative results of three US-guided insertions with good (left), medium (mid-
dle), and low (right) needle-tip visibility. Each row represents one indicator.
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Fig. 4. Population-level comparison of US visibility and VA regime behavior. Left:
visibility indicator. Right: corresponding log-ratio Wasserstein signals for the same
insertions.

(a) (b)

Fig. 5. Timing agreement between VA transition detection and US-based annota-
tion. (a): Signed timing difference across all insertions. (b): Absolute timing difference
grouped by US visibility level (low, medium, and high).

4 Conclusions

This study investigated VA sensing as a complementary modality for tissue-
transition awareness during US-guided needle insertion. By modeling the VA
signal as a sequence of interaction regimes and quantifying distributional simi-
larity using the Wasserstein distance, we showed that distinct dynamical behav-
iors occur in different tissue types. Tissue transitions were consistently reflected
by abrupt regime changes in the log-ratio indicator. The VA regime change
remained identifiable across varying US visibility levels. Although timing differ-
ences between VA detection and US annotation increased under low-visibility
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conditions, this is consistent with greater uncertainty in manual tip identifica-
tion. These findings indicate that proximal VA sensing provides mechanically
derived transition information independent of visual contrast. Overall, VA mea-
surements can augment needle guidance by providing complementary transition
awareness when visual feedback is limited. Future work will focus on tighter
integration of VA and US modalities. In particular, combining motion-energy
analysis with VA regime indicators may allow compensation for visibility gaps
and improved estimation of needle progression.
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