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Abstract. Blood Pressure (BP) is considered a significant indicator of cardiac
risk. By providing information about the hemodynamic load on the heart, BP
detected in a central site may have added value with respect to the more familiar
peripheral arterial pressure (i.e. measured on the brachial artery). Laser Doppler
Vibrometry (LDV) has been demonstrated to be a reliable non-contact technique
to measure the cardiovascular signals and parameters. LDV has a high sensi-
tivity of acquisition and it is able to measure the skin vibrations related to
cardiac activity when the laser beam is pointed in correspondence of the carotid
artery. The obtainable vibrational signal (i.e. a velocity signal), VibroCar-
dioGram (VCG), can provide relevant physiological parameters, including Heart
Rate (HR) as well as more advanced features encoded in the contour of the pulse
waveform. In this work, the authors aim to discuss the possibility of deriving the
blood pressure signal from the vibrations of the carotid artery detected by LDV.
6 healthy participants were tested; the VCG was calibrated by means of diastolic
and mean arterial pressure values measured by means of an oscillometric cuff.
An exponential model was applied to the VCG signal of each participant in
order to derive the pressure waveform from the displacement of the investigated
vessel. Results show an average difference of around 20% between systolic
pressure measured at brachial level (i.e. peripheral pressure value) and systolic
pressure derived from VCG signal measured over the carotid artery (i.e. central
pressure). This is consistent with the literature describing the physiological
increase of Systolic Blood Pressure (SBP) and Pressure Pulse (PP) at increased
distances from the heart (because of the presence of reflected waves). Moreover,
the average measured displacements of the carotid artery are physiologically
reliable (i.e. hundreds of micrometers). LDV seems to have the potential of
correctly detecting the pressure waveform without contact. However, a com-
parison with a reference method is required to validate the proposed measure-
ment technique.
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1 Introduction

Vital signs, such as Heart Rate (HR) and Blood Pressure (BP), are fundamental to
determine the wellbeing of people. Several cardiovascular pathologies can be predicted
by means of central BP assessment, which is considered an important predictive factor,
even more than peripheral BP [1, 2]. Its continuous recording permits the assessment of
fundamental parameters related to cardiac activity (e.g. HR) and to pulse waveform
(e.g. dicrotic notch). Intra-arterial pressure catheters, containing miniature pressure
transducers, represent the gold standard for the measurement of time-continuous
pressure signal [3], but is uncomfortable and unsuitable for routine monitoring.
Applanation tonometry is a contact non-invasive technique for the assessment of the
local pressure waveform, but shows some relevant drawbacks [2]. In fact, there is a
lack of studies validating the method versus invasive techniques in a general popula-
tion, and for that the application of such transfer function is still subject to debate.
Moreover, the application of arterial tonometry is particularly challenging in obese
subjects. Other studies show alternative techniques to evaluate central BP
non-invasively; in [2], intravascular magnetic resonance (MR) is used to assess blood
pressure waveform. A 1.5 T [T] MR scanner has been used, just above the sino-tubular
junction, to evaluate the aortic area curves. This technique allows to directly measure
the variation of the vessel section during the cardiac cycle, but needs a calibration
model to derive the pressure waveform from the aortic traversal area.
Pulse-Wave-based Ultrasound Manometry (PWUM) is another non-invasive method
that combines Pulse Wave Imaging (PWI) and vessel diameter measurements for the
assessment of central BP [4]. It is based on the ultrasound scanning of the cross-section
of the vessel, in order to measure its diameter variation during cardiac cycle. The use of
LDV for the measurement of cardiovascular signals is datable at more of 10 years ago
[5]. The first reason of the introduction of this technique has been the non-contact
capability of LDV to measure the skin vibrations, in particular where it is really difficult
the application of the electrodes (i.e. in burnt subjects or preterm neonates [6]). The
acquisition of the carotid signal on the carotid artery with LDV provides a vibrocar-
diographic signal (VCG), consequent to mechanical cardiovascular events. Many
studies have focused their attention to the extent of cardiovascular parameters from
carotid artery [7—13]. In a previous work [14], the authors have made the hypothesis of
using LDV to non-invasively assess the blood pressure waveform. The aim of this
work is to discuss the feasibility of the application of a mathematic model to derive the
arterial pressure signal, at carotid level, from the vibrational signal measured by means
of a Laser Doppler Vibrometer.

2 Materials and Methods

LDV method was tested in a preliminary study on 6 healthy subjects. Participants was
informed about the test and they filled a consent form to permit the study of their data.
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2.1 Measurement Setup

VCG and electrocardiographic (ECG) signals were acquired simultaneously thanks to a
proper A/D board (PowerLab 4/25T, 12-bit resolution). The VCG signals were measured
with a single point LDV system (Polytec PDV100; calibration accuracy £0.05 mm/s,
bandwidth 0.05 Hz-22 kHz, spot diameter <1 mm, sensitivity 0.2 V/(mm/s)). The
Polytec PDV100 utilizes Class 2 (eye safe) beam at 633 nm wavelength. The native
output of the LDV system is a velocity signal.

Three 2-mins trials were made for each participant. Furthermore, a conventional
oscillometric method was used to simultaneously assess BP at brachial level (P monitor
model UA-767BT-Ci from A&D Instruments, accuracy: +3 mm Hg).

Three measures of blood pressure was acquired for each trials and a mean of the
diastolic and systolic values was considered.

During the trials, the participants were asked to lie supine and stay relaxed.

The vibrometer was placed on a tripod at a distance of 50 cm from the subject and
it was pointed perpendicularly to the skin of the participant, over the left common
carotid artery. A hydrating lotion (45% zinc oxide) was spread on the neck over the
carotid site to improve the reflectivity of the skin and, consequently, the quality of the
measurement (i.e. signal-to-noise ratio). In the present work, the carotid artery was
located by a palpation method on the neck, identifying the point of maximum pulsation
of the carotid artery.

A sketch of the measurement setup is represented in Fig. 1.

> P
LA Blood

pressure
meter

RA

Fig. 1. Sketch of the measurement setup: LDV and ECG were connected to the same acquisition
board; BP meter was applied on the lef arm at brachial level
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2.2 Signal Processing

The signal processing consists of the steps reported in Fig. 2 and after described in detail.
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Fig. 2. Steps of the signal processing

Signal filtering: a 3rd order Butterworth bandpass filter was applied to raw data.
0.1-30 Hz and 0.1-40 Hz were the two frequency bands considered for VCG and
ECG signals, respectively.

Signal integration: VCG (i.e. velocity signal) was integrated to obtain a displacement
signal, which has to be calibrated to obtain absolute BP values. An operation of detrend
was performed on the displacement signal to achieve a mean value equal to zero.
Computation of the average waveform: ECG signal was used to correctly separate
the single heartbeat in VCG signal. This allowed to detect the onset and the offset of
the single heart beats in the displacement signal. Then, each heartbeat was
re-sampled according to the mean heart period detected from ECG signal.
Application of the calibration model: It was assumed that there is an exponential
relationship between arterial pressure waveform and arterial cross-section [7].
Diastolic BP and Mean Arterial Pressure (MAP) values were supposed to remain
fairly constant throughout the whole arterial tree. The systolic BP value extracted
from the resulting pressure waveform was compared to the corresponding oscillo-
metric BP value obtained from the brachial artery. The applied model relates the
displacement d(t) achieved from LDV data to the arterial pressure waveform p(t), as
described in (1) [15]:

p(t) = A0)/A)
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Ag 1n(SBP) is a calibration parameter that quantifies the stiffness of the

vessel;
Alr) = nd(1) is the transversal cross circular section of the vessel,;
— T4
Aq is the diastolic value of the transversal section of carotid when
pressure assumes its diastolic value.
3 Results

Table 1 shows the comparison between the systolic pressure measured by means of the
oscillometric cuff at brachial level and the one obtained from the calibration of the
VCG signal (i.e. the maximum peak of the calibrated pressure waveform).

Table 1. Systolic pressure measured at brachial level, systolic pressure derived from VCG
signal and percentage difference between systolic values measured in the two different site

Brachial systolic pressure | Carotid systolic pressure | Percentage
(mmHg) (mmHg) increase (%)

Subject 1| 111 84 29

Subject 2 | 126 104 21

Subject 3| 117 100 17

Subject 4 | 107 92 16

Subject 5| 98 85 15

Subject 6| 99 80 23

Moreover, the displacement waveforms were discussed, in order to evaluate if the
measured artery wall movements are consistent with the ones in literature. In Fig. 3, an

example of displacement waveform is reported.
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Fig. 3. Example of average displacement waveform (subject 4)
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The mean values of the average displacement waveforms are the following ones
(Table 2).

Table 2. Average displacement for the six participants

Subject Average displacement (pm)
1 220
2 203
3 197
4 186
5 191
6 207

4 Discussion and Conclusions

In this preliminary study, the authors have been tested on six subjects the possibility of
obtaining the pressure waveform from the integrated VCG signal, calibrated by means
of brachial diastolic and mean blood pressure values measured via oscillometric
method, using an exponential model [15].

The pressure values measured in the obtained waveforms have been compared with
the ones measured at brachial level. The obtained systolic differences are comparable to
the ones in literature (20%) [3] and express the physiological increase of systolic
pressure (Fig. 4) from the central to peripheral sites.

Carotid Brachial Radial

Fig. 4. Physiological variation in the pressure waveform throughout the arterial tree

Moreover, the average measured displacement shows values physiologically cor-
rect [3], that is of hundreds of micrometers [16].

The use of LDV to measure the displacement of carotid artery allows to observe the
mechanical events related to hemodynamics with a very high sensitivity, but it involves
the contribution of reflection phenomena, which may be not related to the investigated
vessel.

A deeper investigation of the physiological dynamics is required in order to dis-
tinguish carotid features from the other mechanical events detected by LDV and to
obtain a more accurate pressure waveform.
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Moreover, the comparison with a reference method (i.e. arterial tonometry or

intravascular catheter) is required to validate the described measurement method and
processing algorithm.
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