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Abstract— Ultrasound examination is the first line procedure 

for the diagnosis and follow-up of cardiovascular diseases. 

Instrumenting an ultrasound probe with a force sensor may 

improve thenon-invasive measurement of arterial biomechanical 

parameters (diameter, pulsatility, intima-media thickness and 

flow-dependent dilation) by measuring and controlling the force 

exerted by the sonographer. We present here the results 

obtained with this approach coupled with image processing for 

the measurement of arterial diameter changes during the 

cardiac cycle and dynamic tests. The analysis of artery force 

feedback provided non-invasively an estimation of blood 

pressure waveform. 

I. INTRODUCTION 

The non-invasive diagnosis and follow-up of cardio-
vascular diseases need reliable measurements of arterial 
function. The evaluation of the arterial wall elastic modulus 
can be based on distensibility measurement as the ratio of 
arterial diameter and blood pressure changes during the 
cardiac cycle [1-8]. This assessment can be improved by the 
simultaneous measurement of the arterial wall thickness and 
recording of the blood pressure curve at the same site [9,10]. 
Arterial diameter and wall thickness measurements require 
high resolution ultrasound scanners and dedicated image 
processing software. B-mode echographic images analysis is 
generally performed with non-isotropic filtering to smooth 
speckle noise, and level set methods for contour extraction 
[11]. Nevertheless, these methods proved not robust enough 
for this application. Therefore, we used simple but robust 
operators to extract the arterial wall contour and estimate 
vessel diameter and diameter changes.  

The effect of the pressure exerted by the operator on the 
ultrasound probe is generally not taken into account during 
arterial measurements although it is liable to affect the 
amplitude and the waveform of the diameter changes upon 
which distensibility measurements are based [12]. The 
validity of non-invasive arterial pressure measurement 
(sphygmomanometry, oscillometry...) remains controverted 
when applied to arteries others than the brachial artery, but is 
widely used in this context. 
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Different, and often complex, approaches, have been 
proposed to estimate the local arterial pressure from the 
conventional measurement performed on the brachial artery 
[13]. Most of these approaches are based on a priori 
estimation of the modifications that undergo the pressure 
wave during its propagation along arteries, while vascular 
diseases, by their consequences on the biomechanics of 
arterial wall, are likely to affect this propagation. Obtaining 
the arterial blood pressure waveform at the exact site of 
diameter measurement would drastically improve the 
accuracy and the reliability of the arterial distensibility 
measurement. 

Our aim was to couple the measurement of the force 
exerted on the ultrasound probe with image analysis for the 
evaluation of arterial distensibility in order to obtain an 
image of the local blood pressure waveform. In the first part 
of this article, we present the corresponding hardware and 
software developments. In the second part, we report the 
clinical results we obtained; showing a correlation between 
the arterial diameter changes and the force feedback curve. 
To conclude, we discuss the potential applications of this 
approach. 

II. MEASUREMENT SYSTEM 

A. Hardware and software developments 

The acquisition system was composed mainly of a 
computer equipped by a Matrox® analogic video acquisition 
card and by a National Instruments® multifunction data 
acquisition board. The video acquisition card was connected 
to the analogic video output of the ultrasound scanner via a 
coaxial cable. A force sensor (XFTC300, FPG Sensors, Les-
Clayes-Sous-Bois, France) was connected to a signal 
amplifier/conditioner (ARD154, FPG Sensors, Les-Clayes-
Sous-Bois, France) whose output was connected to the data 
acquisition board. The linear force sensor was fixed on a 
sliding support receiving the linear probe of the ultrasound 
scanner (Fig.1). Clinical results were obtained with a Logiq 9 
duplex Doppler ultrasound system (GE Healthcare 
Ultrasound, Milwauke, USA) with a 10 MHz linear probe. 

The workflow included video and force signal acquisition 
and synchronized B-mode ultrasonographic image 
processing for the measurement of arterial diameter and 
diameter changes. 
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Fig. 1  Drawing showing the linear sensor implementation on the linear 

ultrasound probe. 

 
Fig. 2  Hardware architecture. 

 

 
Fig. 3  The successive stages of image processing. 

 

B. Method 

Data acquisition was controlled by a laboratory-written 
piece of software synchronising force and video data 
acquisition and processing. One force value was obtained 
and saved for each echographic image. Another piece of 
software processed the acquired video sequence to extract 
the arterial diameter as follows:  

First, image calibration was performed to allow pixel to 
millimetres conversion. Thereafter, the operator had to select 
the region of interest (ROI) in which the following analyses 
were performed (Fig.3): 

 Closing operation: erosion followed by expansion 
allowing to remove artefacts and to smooth out the 
vessel’s contour using a 9x9 structuring element on 
neighbourhood. 

 Adaptive threshold: The suitable threshold level was 
calculated on the grey scale along a line parallel to 
the ultrasound beam, 

 A Canny’s filter [14],with a 3x3 window width, was 
applied. 

 Contour superimposition was performed on each 
image. 

 

 

 

 

 

Fig. 4  Image processing with edges detection and smoothing by 
polynomial approximation. 

 

 

Fig. 5  Brachial artery diameter changes calculated on a sequence of 
images without and with polynomial approximation, in a normal subject. 

 

At the centre of the ROI, a 20 pixels width area was 
automatically drawn, and the results of the previous stages of 
image processing were further processed for smoothing by 
2

nd
-order polynomial approximation in order to be a part of 

the best-fit parabola following the arterial wall. This process 
enabled to suppress residual artefacts (Fig.4). 

This 20 pixels width allowed eliminating the effect of 
isolated acoustic artefacts, thus overcoming the pitfall of 
other techniques like echo-tracking while avoiding the 
excessive temporal smoothing that would happen with a 
larger area because of the propagation of the arterial pulse 
wave (e.g. on the brachial artery of a normal subject, the 
pulse wave propagates along the wall with a velocity about 7 
m.s

-1
). 

The distance separating the two interpolated polynomials 
(i.e. proximal and far arterial wall) was then averaged to get 
the arterial diameter, and this calculation was repeated along 
the sequence of images (about 300 for a typical sequence). 
Fig.5 shows the variation of the arterial diameter on a full 
sequence with a mean value of 5.06 mm. 

Frequency analysis of the resulting waveform yielded 
results a mode about of 1.2 Hz, i.e. the normal frequency of 
heart beats. Direct calculation and polynomial approximation 
gave quite similar results because most artefacts had been 
already corrected by the operation of mathematical 
morphology. 



  

III. CLINICAL TESTS 

Clinical tests and measurements were performed in 
collaboration with vascular laboratory of the Nîmes 
University Hospital.: 

 An Alpha 10 ProSound ultrasound scanner (Hitachi-
Aloka, Tokyo, Japan) with a 10 MHz linear probe 
equipped with the above-mentioned force sensor. 

 A Dinamap DPC320NR (GE Healthcare, 
Milwaukee, USA)  electronic tensiometer. 

 An articulated probe-holder mounted on a 3-axis 
adjustment device (MP-PH0001, Hitachi-Aloka, 
Tokyo, Japan).  

 An ECG and breath-movement monitor with analog 
output. 

When the sonographer handled the probe equipped with 
the force sensor without using the micrometric probe-holder 
for the examination of the brachial artery in normal 
volunteers, we were able to acquire and display 
simultaneously the force signal and the brachial artery 
diameter calculation results. 

The results confirmed that arterial diameter 
measurements could be affected by the way the sonographer 
handled the probe, depending on the patient’s size and 
posture, and that the force exerted on the probe could be 
quite different along the examination, and quite different 
between sonographers.  

Therefore, the articulated probe-holder proved essential 
for accurate and reproducible measurements, allowing to 
maintain the ultrasound probe in the required position 
throughout the acquisition procedure, with a constant force. 
The probe-holder was used for all subsequent measurements. 

A.  Relationship between arterial diameter and force: 

Fig.6 shows the effects of increasing the force applied by 
on the ultrasound probe on the brachial artery diameter. 
Increasing the force F from 0 to 6.75 N resulted in a decrease 
in mean arterial diameter (Φ)  from 4.6 to 3 mm in this 
subject. 

Performing a polynomial approximation of both the force 
and the arterial diameter curves, and subtracting the result 
from initial data, allowed us to centre the waveforms (Fig.7). 
We could then observe that with increasing of the force 
resulted in the diastole-to-systole diameter (ΔΦ)  and force 
feedback (ΔF) changes during the cardiac cycle increased 
jointly by a factor 2, respectively from 0.15 to 0.3 mm and 
0.175 to 0.350 N. These observations supported our 
hypothesis that the force applied on the ultrasound probe 
during the examination does influence the measurement of 
arterial diameter, and the force feedback represents an image 
of the local blood pressure waveform. 

 
Fig. 6  Raw data showing a decrease in mean brachial artery diameter 

() when increasing the force (F) exerted on the ultrasound probe. 

 
Fig. 7  Centred data showing an increase in diastole-to-systole brachial 

artery diameter changes when increasing the force exerted on the ultrasound 

probe. 

B. Interest of exerting a constant force: 

Using the probe-holder, we exerted a constant force on 
the ultrasound probe during a 20 s recording. This force was 
the minimal force allowing obtaining a stable and satisfying 
B-mode image of the brachial artery. The patient was first 
asked to breathe normally, then to maintain an apnoea. The 
first part of the graph showed 3 cycles of change in ΔF, 
whereas it remains stable during apnoea. The period of these 
cycles was roughly 4 s, and corresponded to the respiratory 
rate. The diastole-to-systole diameter (ΔΦ) and force 
feedback (ΔF) changes showed inverse variations during 
breathing (respectively 0.1mm and  0.072 N). This 
demonstrated that breathing affected diameter measurements 
probably by inducing slight arm movements.. 

 
Fig. 8  Raw data showing brachial artery diastole-to-systole diameter and 

force feedback changes during breathing as measured with a constant force 

exerted on the ultrasound probe. 

 



  

IV. CONCLUSION 

The system we developed allowed simultaneous 

acquisition of ultrasound images and measurement of both 

the force exerted on the ultrasound probe by the sonographer 

and the force feedback resulting from arterial blood pressure 

pulsatility. We also developed image analysis software 

providing automatic and synchronized arterial diameter 

measurements. We were thus able to obtain measurements of 

the brachial artery diameter and diameter changes during the 

cardiac cycle, and showed the influence of the pressure 

exerted on the ultrasound probe by the operator on the 

arterial diameter and its cyclic variations. Our image analysis 

method has proved robust enough to correlate these force 

measurements with the arterial diameter and the amplitude of 

diameter changes during the cardiac cycle. We also 

demonstrated the ability of our system to capture the force 

feedbacks, providing an image of systemic blood pressure 

waveform. Moreover, we could show the influence of the 

breathing on arterial diameter changes.  

Calibrating force feedback measurements would be 

needed before this approach can be used to offer a non-

invasive method for providing the arterial blood pressure 

waveform. This can be achieved by simultaneous systemic 

blood pressure measurement by conventional method on the 

brachial artery on the other side, but this approach would 

have to be validated on a series of normal and pathologic 

subjects.  
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