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ABSTRACT

Physical examination of the thorax is key to the clinical diagnosis of respiratory diseases. Among other examination techniques, palpation
evaluates the transmission of high-frequency vibrations produced by vocalizations (tactile fremitus), which helps the physicians to identify
abnormalities within the respiratory system. We propose the use of an airborne ultrasound surface motion camera (AUSMC) to quantitatively
map the vibrations induced by subject vocalization. This approach could make the examination of vocal fremitus quantifiable, reproducible,
and archivable. Massive data collection of vocal fremitus could allow using artificial intelligence algorithms to isolate vibration patterns that
could help disease identification. Until now, in contrast, the interpretation of vocal fremitus has been subject to the physician’s experience
and remains subjective. In the present work, we demonstrate the capabilities of the AUSMC to measure vocal fremitus thoracic vibration
maps on 77 healthy volunteers. We have observed a spatial dependence of vibration maps on vocalization frequency. We observed that the
left lung generates fewer surface vibrations than the right one, which was expected according to their respective dimensions. We also discuss
the implications of our findings.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0187945
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INTRODUCTION

Physical examination of the thorax is key to the clinical diag-
nosis of respiratory diseases. It includes the assessment of the respi-
ratory system’s ability to transmit vibrations of various frequencies
and origin. Auscultation evaluates the transmission of sound vibra-
tions produced by the airflow induced within the bronchial tree
and the lungs during inspiration and expiration. Palpation evalu-
ates the transmission of sound vibrations produced by the larynx

during vocalizations and propagating through the entire respira-
tory tree (tactile fremitus). Physicians compare the sensory ele-
ments perceived during physical examination with a personal reper-
toire resulting from initial learning and accumulated practice. This
allows them to identify abnormalities deriving from disease-related
changes in the structural characteristics of the respiratory system.
For example, localized pneumonia results in the concerned region of
the lungs becoming retracted and denser than the surrounding nor-
mal tissue. On auscultation, this translates into a modified breathing
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sound (tubal murmur). On palpation, this translates into augmented
tactile fremitus.’

The value of physical examination of the thorax depends on the
skills and experience of the operator but is generally low.” Indeed,
the performances of the human senses limit it, as does its frag-
mentary nature (localized sampling). In addition, the collected data
cannot be recorded for transmission and external assessment and
used for future reference. Direct contact is required between the
examiner and the patient.

Examining medical literature allows one to identify several
attempts to overcome these limitations. Likewise, multi-point elec-
tronic stethoscopes can give access to detailed descriptions of
breath sounds and their topographical distribution.”* For exam-
ple, “vibration response imaging” improves upon the diagnos-
tic performance of physical examination in a range of clinical
circumstances,”® with or without the aid of artificial intelligence.”
Electronic stethoscopes focus on breathing sounds and therefore
relate to auscultation. In contrast, literature searches fail to iden-
tify devices that would characterize surface vibrations produced by
vocalizations and therefore improve upon tactile fremitus.

We previously described the possibility of imaging thoracic sur-
face displacements due to respiratory and cardiac activities using
airborne ultrasounds, a contactless method generally relying on the
physical principles governing sonar system operation.””

Here, we hypothesized that, adequately adapted, this tech-
nology would detect the low amplitude movements produced by
vocalizations at the surface of the chest and therefore provide a sub-
stitute for tactile fremitus. We further hypothesized that it would be
possible to map these vibrations and follow the evolution of their
characteristics over a short period of time.

To test this hypothesis, we developed a multi-point air-
borne ultrasound vibrometer capable of mapping surface vibra-
tions over 30 x 30 cm® at a rate up to 1 kHz, with a spatial
resolution of 30 mm and an instantaneous sensitivity to sur-
face displacement of 100 ym/s."” The good harmonicity of the
fremitus signals allows averaging-equivalent sensitivity improve-
ments. We then performed pilot measurements in healthy vol-
unteers. The study’s objectives were to determine the feasibility
of an objective measure of tactile vocal fremitus and to provide
pilot normative data, in the perspective of using the technology for
an early detection of respiratory system disease-related structural
changes.

Using the same device, we demonstrate here its capacity to
map the small amplitude periodic vibrations induced by single
vocalization over the entire thorax.

MATERIALS AND METHODS
Airborne ultrasound surface motion camera (AUSMC)

The theory of operation of the AUSMC system has been
described in Ref. 10. In brief, its principle consists in continuously
sonicating the observation surface with a 40 kHz central frequency
ultrasonic chirp using a set of panels embedding matrix arrays of
piezoelectric transmitters. Emitted chirps are designed to increase
the effective bandwidth while defining a specific Doppler period rep-
etition frequency (PRF). The latter ranges from 600 Hz to about
1 kHz so that the Doppler Nyquist frequency lies between 300
and 500 Hz. The emitted ultrasonic waves are reflected by the

ARTICLE pubs.aip.org/aip/adv

surface toward a receive matrix array spatially interleaved within
the transmitting matrix array. The ultrasonic signal received by
each microphone is amplified and digitized. Then, a software beam-
forming operation is applied to focus on each resolution cell of
the observation surface. The displacement information is retrieved
by measuring the phase shift between two successive Doppler
frames of signals beamformed for a given resolution cell. Com-
pared to previous work,'” the minimal PRF has been raised up
to 600 Hz to correctly sample the human subject’s vocalizations,
of which the fundamental frequency typically lies between 100
and 300 Hz.

Study population

Seventy-seven participants were recruited in the study (37 men,
37 women, and three unspecified; median age 22, minimum 18,
maximum 57; median body mass index 22 kg-m_z, minimum 17,
maximum 28). The inclusion criteria were:

no history of chronic disease of any sort;

absence of acute disease of any sort at the time of the study;

non-smokers or smokers with less than two pack-years;

normal physical examination of the heart and respiratory

system;

e normal vital capacity and forced expiratory volume in one
second on spirometry performed the day of the study;

¢ mastery of the French language;

e Dbeing affiliated to the French social security system.

The non-inclusion criteria mirrored the inclusion criteria, with
the addition of legal guardianship, known pregnancy, or lactation.
One protocol violation consisted in the inclusion of a smoker.
The study was approved by the appropriate regulatory and ethical
authorities (CPP SUD-OUEST ET OUTRE-MER 1II, decision refer-
ence: 2-18-2; March 08, 2018). The participants were informed of the
purpose of the study and the methods used and gave written consent
to participate. One protocol violation consisted in the inclusion of a
smoker.

Acquisition protocol

The participants were first trained to reproducibly inhale up
to their total lung capacity (TLC) with the help of spirometry-
based feedback. During the ultrasound acquisitions, they stood at
about 70 cm away from the ultrasonic array, turning their back
on the array. They were asked to inflate their lungs to TLC, from
which they had to produce a steady vocalization for a few seconds
(/al, lol, or /z/sound). Meanwhile, the AUSMC system was set to
record the surface motion for about 3 s. No specific instruction
was given regarding voice pitch, assuming the participants would
vocalize at their “natural” pitch. Most acquisitions were performed
with arms crossed for scapula to be located on the sides of the
back.

Detection of vocalization

The vibration signal corresponding to the vocalization is par-
tially shadowed by different noises. This background noise includes
low frequency motion of the thorax (breathing and cardiac motion),
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acoustic clutter (array beamforming artifacts), acoustic background
noise, thermal noise (electric), and random phase noise (electronic).

First, the fundamental frequency of the vocalization f, was
detected by maximizing the spatial variance of the detrended Fourier
domain cross spectral density I'va( f), crossing the Doppler velocity
fields V; with the raw signal of the receive array in the audio band
Ay;. This is made possible as the microphones are sensitive to both
the audio (voice) and the ultrasound frequency bands (20-60 kHz).
While the power spectral density may be defined as the Fourier
transform of the autocorrelation function y ., the cross spectral
density is defined as the Fourier transform of the cross-correlation
function Yayo

Ly(f) = Flywi(f) = :Zj:o )}xy(T)eizm‘T'f
where

Pay(7) = E[ (e — p) (rer — 1) |

The latter are computed by using a readily available discrete
time implementation (e.g., MATLAB® or Python™ SciPy).

Second, the power spectrum of the thorax vibrations was com-
puted over the time dimension. The Fourier vector corresponding
to f» was isolated, and the corresponding energy map was displayed
on top of the body surface profile as captured by a 3D video camera.

Spectral analysis is performed using Welch’s method with a
time window of about half a second. The corresponding signal-
to-noise ratio (SNR) gain is about 27 dB, leading to a harmonic
sensitivity of about 5 ym/s.

Spatial analysis

Once the vocal frequency is identified, the vibrational energy
map at the vocal frequency is analyzed. To simplify the analysis of
the spatial distribution across the cohort, the center of mass (i.e.,
barycenter) of the vibrational energy map at f,, is computed for each
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dataset, which allows us to easily represent and analyze the inter-
individual statistics in a three-dimensional space, i.e., center of mass
and vocalized central frequency f,,.

RESULTS

The mapping of vocalization was feasible for all enrolled sub-
jects. Some acquisitions had to be discarded because of sampling
issues such as temporal spikes in the per channel ultrasonic data.
Figure 1 shows an example of the vocal spectrum (audio sig-
nal), the vibration spectrum, and the cross-spectrum. It shows
the interest of analyzing the cross-spectrum rather than the raw
Doppler spectrum to enhance the corresponding vocalization sig-
nal at the expense of other source of vibrations, for instance,
cardiac motion, or colored noises. It also allows us to select the
fundamental frequency as opposed to higher harmonics, which
may show higher maxima if we were to rely solely on the audio
spectrum.

The fundamental frequency of vocalization is clearly above the
noise floor (typically 37 + 30 dB), but some spurious noises are
polluting the spectra.

As it can be expected, we found a significant difference between
men and women’s pitch. The distribution of frequency is presented
for both men and women in Fig. 2.

In a few cases, the subject voice pitch varies depending on the
type of vocals (e.g., /a/, /o/, or /z/ sound). This highlights the depen-
dence of the spatial distribution of vibrational energy induced by the
vocal cords at the surface of the thorax with the frequency of the
emitted vocalization. One of the subjects in the cohort (depicted on
Fig. 3) managed to cover a range of pitch of almost 50 Hz, from about
100 Hz to about 150 Hz. This series of acquisitions shows vibratory
energy move up to the top of the thorax as the frequency of the voice
increases. When summing together the whole series into a unique
average vibratory map, an “acoustic shadow” of the lungs is clearly
identifiable (see Fig. 3 map on the far right). On this series, it can
also be seen that the vibration energy is more prominent on the right
than on the left.

—40

—— Audio (vocal) spectrum

= Cross (vocal x vibration) spectrum
—60 - Doppler (vibration) spectrum
== Detected vocal frequency

)

2 80+

£

=1

E

@

9 -100 A

0n

S

z

5 -120
~140 -

150 200 250 300

Frequency (Hz)

FIG. 1. Sample of individual and cross frequency spectra of the audio signal and the thorax surface vibration Doppler signal recorded during the /z/-vocalization of a healthy

subject.
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FIG. 2. Distribution after zero-spike selection, with and without threshold criteria.

In order to check whether observations of asymmetry on the
latter single subject can be generalized to the whole cohort, let us
consider now regional vibrational statistics (see Fig. 4). The region of
interest is now divided into four quadrants. For each quadrant, the
Fig. 4 box plot shows the first percentile, the first-to-second quar-
tile boundary, the median, the third-to-fourth quartile boundary,
and the 99th percentile boundary. Except for the first percentile rep-
resentative of noisy acquisitions (i.e., low signal-to-noise ratio), all
other boundaries increase in the following quadrant order: bottom
left, bottom right, top left, top right. In other words, there is both
a left-right and a top-bottom asymmetry. Overall, top quadrants
vibrate more than bottom quadrants, while right quadrants vibrate
more than left quadrants.

Finally, to facilitate the visualization of the whole cohort, let
us consider the vibration barycenter (i.e., center of mass). It allows

us to summarize the spatial and spectral information of the whole
cohort shown in Fig. 5. The figure shows barycenter locations on
top of either an average male [Fig. 5(a)] or female [Fig. 5(c)]. The
intermediate axis [i.e., Fig. 5(b)] shows all the acquisitions together
in an ordinate barycenter location as a function of detected vocal
frequency. Considering the distribution of vocalization frequencies
shown in Fig. 2, the barycenter cluster below 200 Hz (from violet
blue to light green) mostly corresponds to male subjects, whereas the
barycenter cluster beyond 200 Hz (from light-green-yellow to red)
mostly corresponds to female subjects. As far as the male subjects
are concerned, the dependency of the barycenter location with fre-
quency seems to match the one of the singled-out subjects depicted
in Fig. 3. The observed vibration seems to undergo a rather abrupt
transition around 120 Hz that corresponds to an upward displace-
ment of the vibration barycenter. There also seems to be some

x(m) x(m)
-02 00 02 02 00 02 -10

-02 -02 -02 E -02 b 15 ’é
8
E 00 E 00 ! E 00 E 00 g
-20 g
02 02 02 02 §
=25 5
Ir @ (f = 102 Hz) Ir @ (f = 116 Hz) Ir @ (f = 124 Hz) I; @ (f = 148 Hz) (g )s 30
1(‘52 11!6 1;4 14:8
Frequency (Hz)
FIG. 3. Kinetic energy maps computed from acquisitions of vocalizations at different frequencies on the same subject.
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FIG. 4. Regional statistics: box plot distributions of the median rms speed for the four quadrants across the cohort are represented.
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FIG. 5. Vibration energy barycenter locations represented over (0" male and € female) average thorax profiles [left (a) and right (c), respectively]. The ordinates of the
vibration energy barycenter are also plotted as a function of frequency (b) for both populations. Male and female ordinate distributions are represented as boxplots [(a) and
(c"), respectively]. Hence, the ordinate is shared across all axes (a, @’, b, ¢, ¢’). Each data marker corresponds to a specific vocalization (i.e., acquisition).

transitional behavior on the female cohort around 240 Hz. As can be
seen on the average back profile shown in Fig. 5(c), female subjects
are shorter (168 + 8 cm < 178 + 7 cm). The female barycenter cluster
is accordingly shifted to lower ordinates (3.3 + 2.6 cm). Note that
the male subject barycenter cluster (from dark blue to light green) is
not laterally centered on the thorax. Thus, it also lightly reflects the
aforementioned (i.e., Fig. 4) left-right asymmetry.

DISCUSSION

This study shows that the vibrational energy mapping device
that we developed and previously validated to measure respiratory
movements and cardiac activity'’ can detect vocalization-driven
vibrations over the entire surface of the human thorax and pro-
duce a four-dimensional mapping of these vibrations. This indicates
that our contactless device can record quantitative information sim-
ilar in nature to that derived from the clinical palpation of tactile
fremitus.

Vibrational energy mapping could be achieved for all the
participants, although some acquisitions had to be discarded.
This issue is not a limitation of the technique itself but rather

related to its prototypic implementation using off the shelf com-
ponents. Another acquisition issue is related to a manual trig-
gering delay that is too long with respect to the duration of
the acquisition, resulting in some recordings being truncated.
Finally, it became apparent over the duration of the study that
factors related to the participants’ vocalizations (strength, pitch,
and stability in time), morphological characteristics, and pos-
ture could lead to an SNR insufficient to adequately detect
the vocalization-induced vibrations. Technological improvements
and protocol standardization will be needed to correct these
limitations.

e The acquisition is triggered manually and only lasts a
few seconds, while triggering delay is long (few sec-
onds) and not precisely known, so some vocalizations are
partially/completely missing.

e The overall acquisition signal depends on the specifics of
the subject’s vocalization including the posture of the sub-
ject; its strength, its pitch, and its time stability may lead
to an insufficient SNR for the system to detect the induced
vibrations.
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Finally, some of these limitations will be lifted in the next ver-
sion of the system so that the signal acquisition feasibility will be
improved significantly.

The spatial distribution of vibrational energy was found to
be asymmetric to the benefit of the right side of the chest. This
is in line with the larger size of the right lungs compared to the
left one. This observation represents an initial validation of the
technology’s ability to detect differences in the structural proper-
ties of the respiratory system. The spatial distribution of vibrational
energy also appeared frequency dependent, with a shift of vibra-
tional energy toward the upper part of the thorax with increasing
vocal frequency. This could be due to the anisotropic nature of
the lung parenchyma, known to be responsible for the basal parts
of the lungs being denser than the upper parts. The correspond-
ing vertical mechanical gradient is bound to translate into a similar
gradient in acoustical properties. The frequency dependence of the
vibrational energy distribution could also result from the geomet-
rical changes inherent to the branched nature of the bronchial
tree.

The present pilot observations open new perspectives regard-
ing the understanding of the mechanisms underlying vocal fremitus
as assessed during chest palpation. It should however be kept in
mind that the AUSMC characterizes surface vibrations unopposed,
whereas during physical examination, a counterpressure is exerted
by the hands of the physician. It can be anticipated that the AUSMC
should easily detect gross abnormalities in vibratory transmission,
as in the case of pneumothorax or pleuritis where the interposition
of air or liquid between the lungs and the chest wall completely
abolishes vocal fremitus, or in the case of important atelectasis
where it typically increases it. The right-to-left asymmetry of vibra-
tory maps that we observed suggests that it should be the case.
Beyond these relatively caricatural situations, we believe that the
AUSMC should be able to detect focal abnormalities. If verified,
such sensitivity would be invaluable in the context of the early,
pre-radiological, orientation of patients presenting with respiratory
symptoms.

We used vocalizations to produce surface chest vibration. This
approach has the merit of replicating clinical practice. It does not
resort to any extra apparatus, hence a very simple and safe usage.
However, vocalizations produce complex frequency assemblages
that can depend on many subject-related factors. Such factors are
liable to contribute to the frequency dependence of the acoustic
energy spatial distribution and most likely explain the marked gen-
der differences that we observed. One possible way around this issue
would be to produce surface chest vibrations not with vocalizations
but with known vibratory inputs. Such inputs can be produced using
the forced oscillation technique (FOT) that consists in applying
a range of low frequency acoustic waves up to 40 Hz at the air-
way opening while measuring the corresponding flow and pressure
responses, to estimate airway resistance and lungs impedance. Com-
bined with a surface vibrometer, the FOT can be used to compute the
transfer function between the acoustic source and the skin. Likewise,
Royston et al. showed that combining laser scanning vibrometry
and the FOT allowed them to detect the presence of pneumotho-
rax.'! A similar approach was also investigated by Aliverti et al. using
photogrammetry.'”

In conclusion, we believe that the data that we present are
sufficient to pursue the evaluation of the AUSMC as a putative
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future diagnostic tool. It will also be necessary to develop experi-
mental study and physical models to understand how surface vibra-
tions relate to structural and functional respiratory abnormalities,
whether they are generated naturally (vocalization) or artificially
(FOT).
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