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Abstract
Artery guidewire-induced perforation during coronary
interventions is an uncommon but potentially serious complication with significant morbidity and mortality rates.
For minimizing its impact it is crucial for the surgeon to
early detect that a perforation has occurred. However, this
is not always easy since perforation sometimes is not characterized by any symptom or sign. In this work a timevarying (TV) characterization of coronary artery perforation is proposed through a TV parametrical modeling of
an audio signal acquired from the proximal part of a guide
wire. Results show that guide wire perforation leaves a
characteristic TV trace which can be tracked through the
TV-poles and spectrum. This results in clear differentiating patterns allowing around 90% of correct perforation
classification.

1.

Introduction

The use of medical interventional devices (MIDs) such
as needles, catheters and guidewires is today a common
procedure in medicine for performing minimally invasive
therapy and diagnosis [1, 2]. Generally in all these type of
procedures the operator needs to introduce the MID inside
the body and place it into a target and/or follow a determined path without damaging important structures or organs.
Particularly for performing minimally invasive therapies
for treating endovascular diseases, catheters and guide wires that are controlled externally by an interventionist are
used. A guide wire consists on a small wire that can be
placed inside a catheter to allow steering of the catheter
through the vasculature [3].
The perforation of vessel walls during endovascular procedures is a rare but risky complication. For percutaneous
coronary interventions the rate of occurrence is between
0.1% and 4.0% [4–6]. There is a wide range of possible
consequences of perforations, from clinically irrelevant aftereffects that can be mitigated well with conservative therapy, to cardiac tamponade that can provoque the death of
the patient [4, 5].
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The consequences of a perforation can be treatable, however the outcome of such a treatment are highly dependent on the early detection that a perforation has occurred.
However, this is not always easy since perforation sometimes is not characterized by any symptom or sign.
Several approaches has been proposed for acquiring guidance information from guidewires. Most of them are based on measuring force using piezoresistive sensors with
the goal of acquiring haptic information from the guide
wire [7]. Other works have proposed piezoelectric and optical sensors for measuring pressure [8] and piezoelectric
transducers for measuring blood flow velocity for monitoring vessel occlusion [9, 10]. The main drawback of the
proposed approaches are that sensors are usually located
at the distal part of the guide wire, i.e., invasively in the
part of the device that is inserted inside the body.
In this work a time-varying (TV) characterization of
coronary artery perforation is proposed through a TV parametrical modeling of an audio signal acquired with a stethoscope connected to the proximal end of a guide wire.
The main idea behind this new approach is to classify an
occurring guide wire event as being a vessel perforation
or artifact by analyzing the time-varying dynamics of the
acquire audio signal during guide wire insertion.
A database with recordings belonging to perforation
and to different generated artifacts has been implemented
to evaluate the performances of the new approach. Results show that a vessel perforation leave a clear trace on
the audio signal that it is possible to characterize through
several parameters using time-varying parametrical modeling. This characterization serves for differentiating perforation from artifacts opening perspectives for early detection of vessel perforation during minimally invasive
procedures.

2.

Materials and methods

2.1.

Experimental setup and database implementation

A stethoscope equipped with a microphone connected
to a smart phone has been firmly attached to the proximal
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wavelet scales [11].

2.2.2. Time-varying AR modeling

Figure 1. a) view of the guidewire attached to a stethoscope connected to a microphone, b) guide wire inserted
in a pork heart vessel.
end of a 0.014-inch guide wire via a 3D printed adapter
allowing a direct contact with the stethoscope membrane
(see Figure 1a).
Coronary arteries belonging to 4 pork hearts were perforated using the tip of the guide wire (see Figure 1b). During the procedure audio signals were recorded in MP3 format with a sampling frequency of 44800 Hz and the time
instant at which the perforation occurred has been annotated.
An audio database has been implemented with the
acquired audio recordings in order to evaluate the performances of the proposed approach. It included 100 coronary artery perforations audio recordings, each one with a
duration of 30 seconds. In order to perform classification
between perforation and non-perforation the database included also 200 additional recordings with different types
of induced guidewire audio artifacts, including friction between the guidewire and the artery wall and tiny guidewire
bumps.

2.2.

Audio signal feature extraction and
classification

The block diagram of Figure 2 shows the main steps
for classifying audio recordings as perforations or artifact.
Each audio signal has been first decimated and then filtered
using a wavelet based band-pass filter. The resulting signal has been modeled using a time-varying autoregressive
(TV-AR) parametrical model for estimating a time-varying
(TV) power spectral density and TV poles. Finally different features has been computed from the AR spectrum and
from the maximal energy AR pole.

2.2.1. Audio signal preprocessing
As a first step the audio signal has been decimated by
10 and then the resulting signal was bandpass filtered using
Discrete Wavelet Transform (DWT). For that the signal has
been decomposed in 10 scales using a Daubechies DWT
and finally reconstructed with selected middle-frequency

The features used for classification between perforation
and artifact are computed from a TV-AR model of the audio signal. Lets y[n] being the decimated and preprocesssed audio signal. An AR model assumes that the value of
the current sample y[n] at sample number n can be modeled as a linearly weighted sum of the p most recent sample values, and a white zero mean noise e[n]. Since the
audio signal during a perforation is highly non-stationary,
the AR model has to be made time-varying and therefore
the weights (AR parameters) have to be time dependent,
resulting in the TV parametrical model:
y[n] = −

p
X

ak (n)y[n − 1] + e[n]

(1)

k=1

where p is the model’s order and ak (n){k = 1, 2, . . . , p}
are the TV-AR parameters. Equation (1) give rise to a timevarying spectrum
SAR (f, n) =
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and to a time-varying pole representation
1
.
−1 )
k=1 (1 − zk (n)z

H(z, n) = Qp

(3)

In this work the TV-AR model has been computed over
a sliding window of 50 ms width and an overlap of 95%.
In each window a 20th order AR model has been used to
estimate the AR parameters using the Yule-Walker method
and for each of the windows the AR spectrum and poles
were computed.
The TV-pole representation of equation (3) is used for
computing the evolution of the maximal energy pole, i.e.,
the pole that, at each time window, has the maximal
spectral power. It is computed by calculating first the r
time dependent resonant frequencies from the phase angle,
θk (n), of the corresponding pole in the upper half of the
complex plane [12]:
θk (n)
fk (n) =
= tan−1
2π



Im (zk (n))
Re(zk (n))



fs
2π

(4)

where fs and fk , k = 1, 2, . . . , r correspond to the sampling frequency and to the r resonant frequencies resulting
from the poles, respectively. Then the spectral power Pk
of the resonant frequency k is obtained from the real part
of the residue term rk :
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rk (n) = z −1 (z − pk (n)) H(z, n)|z=zk (n)
Pk (n) = 2σ 2 Re(rk (n))|z=zk (n) .

(5)
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Figure 2. Main steps of the signal processing algorithm for perforation feature extraction and classification.
Finally at each time instant n the maximal energy pole has
been computed as the frequency belonging to the pole having the maximal power from the r resonant frequencies.

Finally for classifying between perforation or artifact, a
simple thresholding step is applied over a final indicator
computed by a product operation between the three obtained features.

2.2.3. Feature extraction and classification
3.
The features used for classifying between artery perforation and artifact are computed from both the TV-AR
spectrum and the TV-pole representation in order to extract
a trace in the audio signal that can characterize patterns of
the interaction between the guide wire tip and the vessel
wall.
Figure 3 illustrate four real cases used to explain the
main idea behind the features that are used for perforation
classification. It shows one second audio signal segments
together with their respective TV-AR spectrums and maximal energy pole signals. Figures 3a and b display cases
belonging to two different pork heart perforations while
Figures 3c and d display cases where a friction and a guide
wire bump respectively have occurred.
Looking at these figures it is possible to verify the following:
• The TV-AR spectrum shows main frequency components that are stable in time during a perforation (inside
the segment of higher energy in the TV spectrum), unlike
an artifact where the frequencies are more disperse in time.
• During a perforation some significant segments can be
distinguished in the maximal energy pole indicator: 1) a
strong overshoot represented by a very fast and short rice
of the pole frequency, 2) a plateau just after the overshoot
until the signal goes back to a stationary stage. It is possible to observe that the overshoot is not present when an
artifact occurs and also that the plateau is much more stable
when a perforation occurs than when an artifact is generated.
This analysis leads us to consider three main features:
• Presence or absence of a significant overshoot at the beginning of the event.
• Level of stability of the plateau in terms of high or low
variability.
• Stability of the main frequency components in time
through an indicator of correlation between spectrums belonging to different time windows.

Results

Figure 4 shows the final indicator value (normalized between 0 and 1) for the 300 audio recordings of the database.
The first 165 recordings belong to friction, the recordings
going from nb. 166 to the nb. 265 belong to heart coronary artery perforations and the rest belong to guide wire
bumps.
It is clearly identifiable that the indicator shows in
average a higher value for perforations than for artifacts.
This is explained by the fact that perforations are characterized by presence of overshoot, stability of plateau and
stability of the main frequency components compared to
the generated artifacts. By thresholding the indicator in
0.43, 89.5% of perforation can be classified.

4.

Conclusions

In this work a new approach for characterizing a puncture using non-invasive sensoring has been presented. Audio signals acquired with a stethoscope connected to the
proximal end of a guide wire has shown significant signal
dynamic characteristics that can allow a correct classification with a simple indicator and without the use of any
complex intelligent technique. Preliminary results show
that the time-varying trace that a perforation leaves in the
audio signal is significantly different than possible artifacts
that may occur during an intervention.
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