
  

  

Abstract— In this paper, we present a robotic system which 
automatically searches and detects the longitudinal section of 
the carotid artery using a conventional medical ultrasound 
diagnostic system. In order to obtain a clear image of the carotid 
artery ready for medical diagnosis, the authors developed 
real-time image processing algorithms to detect the carotid 
artery and tissue layers of its walls in the B-mode ultrasound 
images. Sequential patterns of the ultrasound probe trajectory 
for scanning the surface of the neck and searching the carotid, 
were implemented and tested on the Waseda-Tokyo Women’s 
Medical-Aloka Blood Flow Measurement Robot System No. 1 
Refined II (WTA-1RII). An experiment with eleven volunteers 
was carried out and the results show that the system  obtained 
clear images of the carotid artery in 91% of the trials.  

I. INTRODUCTION 
eart and vascular diseases are currently among main 
causes of death in developed countries and even 

increasing with the aging of the population [1]. Early 
detection of cardiovascular dysfunction is one of the 
important techniques in the clinical medicine. For this 
purpose, in the medical field, the Wave Intensity (WI) is a 
hemodynamic index that sensitively reflects changes in the 
state of the circulatory system [2-3]. The WI is usually 
measured at the common carotid artery (CCA) by an 
ultrasound diagnostic system and defined by WI=dP/dt･
dU/dt. Blood pressure (P) is determined by tracking the 
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diameter of the vessel observed in ultrasound image 
(echo-tracking) and calibrated by the maximum /minimum 
blood pressure measured by the blood pressure cuff. Blood 
flow velocity (U) is measured by the Dopplar function of an 
ultrasound diagnostic system. As the WI function includes 
the time derivative, consecutive sequences of ultrasound 
images and real time measurements are required.  

Conventionally, the WI measurement is done manually by 
a sonographer. However, holding an ultrasound probe at the 
same position for long time is difficult, as the target 
measurement position is around ±0.5mm from the center of 
the CCA. There are some passive probe holding devices 
available in the market, however they are not enough 
effective. After fixing the passive joint, the probe always 
slightly moves and the target image is missing. Furthermore, 
each time the patients move, the operators have to adjust the 
probe position by releasing and fixing the joints of the probe 
holder again. That makes overall measurement time longer. 

In order to solve this problem, we have developed a carotid 
blood flow measurement robotic system, the Waseda-Tokyo 
Women’s Medical-Aloka Blood Flow Measurement Robot 
System No. 1 Refined II (WTA-1RII) [4]. The WTA-1RII is 
composed of a compact actuated 6-DOFs parallel link 
manipulator, joystick-type controller and a passive 6-DOFs 
serial link arm (Fig. 1). In order to perform the measurement 
with the WTA-1RII, the operator should place the active 
manipulator close to the patient’s neck by moving the passive 
arm for rough probe-positioning. Then, the joystick controller 
is used for fine probe-positioning in order to obtain a clear 
B-mode image of longitudinal section of the CCA. Finally, 
the operator uses the ultrasound diagnostic system functions 
to measure the WI. If the patient moves during the above 
procedure, the operator uses again the joystick to recover the 
image. Thanks to the support provided by the WTA-1RII, the 
time required to perform the WI measurement can be reduced 
[4]. However, in order to provide further support to the 
operator, we may take advantage of the ultrasound image to 
provide further feedback to the control system so that we may 
conceive the implementation of an automated probe 
positioning. Such a function may enable the operator to 
concentrate in the measurement itself rather that in the 
measurement operation of the manipulator. Therefore, in this 
paper, we focused on proposing and implementing an 
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automated probe-positioning algorithm based on the 
ultrasound image feedback.  

Over the last decades, there have been intensive researches 
on robot-assisted medical ultrasound. The early research 
which demonstrates the visual servoing using B-mode image 
feedback is found in [5]. More recently in [6], motion 
tracking method using speckle information of ultrasound 
image has been proposed. Such methods basically track the 
initially existing object in the image frame. However, to the 
best of our knowledge, there are few researches on automated 
scanning and detection by means of the robotic system while 
using the ultrasound diagnostic device. On the other hand, 
many researches on tele-ultrasound by robotic-assisted 
platforms mainly use the force control in order to maintain the 
contact force between skin and probe [7-10]. In our proposed 
method, no force sensor is required for automated scan but 
just need image feedback. 

In order to detect the CCA during scanning by the robot, in 
this research, we rather focus on implementing an image 
processing algorithm to detect, in real-time, the longitudinal 
section of the CCA by means of the B-mode image feedback. 
Several researches related to the image processing of the 
ultrasound data. In particular, some studies have been carried 
out to detect the CCA and its tissue layers [11-15]. However, 
most of those proposed ultrasound-image processing 
algorithms are done off line. In fact, in [11] and [15], it has 
been reported that the computation time is around 20-24 
seconds per frame. For our purpose, it is required to 
implement a real-time image processing in order to assure the 
stability of the probe-positioning by means of the WTA-1RII. 

II. SYSTEM CONFIGURATION AND REQUIREMENTS  
The proposed automated scanning system of the CCA is 
shown in Fig. 1, which is composed of a medical ultrasound 
diagnostic system, a probe supporting robot WTA-1RII and a 
PC for robot control and image processing. In order to 
compute the probe target position, the output image from the 
ultrasound diagnostic system is processed and sent it to the 
pattern generator module, which determines the target 
trajectory of the probe to adjust its position to find the CCA. 
By means of the inverse kinematics, the command outputs to 
all the six motors of the parallel manipulator of the 
WTA-1RII are generated to assure searching of the CCA. 

In order to propose ultrasound image processing 
algorithms suitable for WI measurement, the following 
functions are required for the automated searching of the 
CCA by the WTA-1RII: 
1) Detection of the CCA longitudinal section: the WI is 

measured along the longitudinal section of the CCA.  
2) Detection of the intima: The intima (the innermost layer 

of an artery wall) should be observed. The artery wall 
consists of three layers, intima, media, and adventitia. 
The intima and adventitia are found with higher 
intensity within the image and the media is shown with 
lower intensity on the image. The intima is clearly 
observed only when the probe is located at the exact 
center of the CCA, therefore observation of the intima is 
used as confirmation that the probe is at the right 
position.  

3) Detection of the contact of the probe with skin: Initial 
position of the probe is not always contact with the skin 
surface.  

4) Keeping the probe contact with the skin during the scan 
motion: One of the important tasks of the robotic 
ultrasound system is maintain the contact of probe with 
skin to obtain the clear image. 

5) Discrimination of the IJV from the CCA: the internal 
jugular vein (IJV) is one of the confounding object and 
possible to be detected as the CCA. It is difficult to 
detect from the image processing. However, due to the 
lower inner pressure of the IJV than the CCA, the IJV 
can be deformed by outer force. Therefore, once the 
vessel is found, the probe is moved downwards and the 
diameter change is observed (Fig. 2).  

6) Keeping guiding the probe towards the target position: 
As the exact position where the clearest image is 
obtained is unknown, the robot should be able to guide 
the probe towards where clearer image is obtained.  

Fig. 1 Block diagram of the proposed automated scanning system designed to automatically detect the carotid artery. 

 

    
a)        b)        c) 

Fig. 2 Ultrasound image of the IJV: a) without applying pressure, b) with a 
slight applied pressure by ultrasound probe (3 mm), c) with a higher 
applied pressure by ultrasound probe (7 mm). 
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III. REAL-TIME DETECTION METHOD OF THE CCA  

A. Detection of Longitudinal Section of the CCA 
 The longitudinal section of the CCA is observed as a dark 
gap (lumen) across the ultrasound image frame bounded by 
two walls which appear as a high intensity lines. High 
intensity lines other than artery walls often appear within the 
image, while the flat dark region is related only to the vessel 
lumen. Therefore, we have proposed our algorithm to search 
for the transversal dark gap within the image (Fig. 3). 
   For this purpose, at first a smoothing filter is applied to 
reduce the effect of the speckle noise. Then, the grayscale of 
pixels along the vertical lines (from the top to the bottom of 
the image) at a regular interval (10 pixels/step) are measured. 
Possible candidate pixels representing the lumen are labeled 
by extracting all the dark area which satisfies the below 
conditions (1). As a result, several short segments of vertical 
lines are extracted. 
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Then, a refined selection among the previous labeled 

candidates is done. The detected lines are grouped if their 
bottoms are close to its neighbor. In order to perform the 
refined selection, we propose a penalty index for evaluating 
the number of missing lines by using (2).  









+

<−+=

≥−+=

= ∑
−

=
)1(

)()1(:0

)()1(:1

,

1

11

111
10

1
iy no is there if or
gapiyiyp

gapiyiyp

pPenalty i

im

i
i

　　　

       (2) 

      
















line extracted neighbor from point bottom         
 of distance coodinatey  of thresholdgap

left the from line tractedexi of bottomiy th

：

:)(1  

The group of the labeled candidates with the minimum 
penalty index is then chosen. Finally, by applying a 
smoothing filter for the lines, the CCA walls are therefore 
extracted.  

B. Detection of the Intima 
The purpose of detecting the intima is a fundamental 

requirement to guide the probe to exact center of the CCA. 

Therefore, a precise extraction of the intima-media-adventitia 
interfaces is not required. However, an objective function 
which evaluates the clearness of the intima in the image is 
required. Due to the tissue layer in the CCA walls, a single 
wall is observed as double white lines in the B-mode image 
when the probe is at the exact center of the CCA. Therefore, 
as a first approach, the proposed algorithm detects the double 
peaks of grayscale near the CCA walls. However, there are 
many double peaks in the B-mode image including noise and 
other tissue. In order to get rid of the effect of them, a small 
region of interest (ROI) close to the CCA wall is desirable.  

For this purpose, after the first detection of the CCA wall, 
the threshold Tf is increased by one and the processes 
described in the previous sub-section are re-calculated. Next, 
the diameter (average distance between near wall and far 
wall) minus penalty is evaluated. After the iterative process 
runs for 30 times, the group of maximum evaluation is chosen. 
As a result, the region of lumen is growing and the contour is 
detected closer to the walls. The ROI for the detection of the 
intima (next step) is set between several pixels above and 
below the extracted contour. 

After a smoothing filter is applied to reduce the effect of 
speckle noise, the local maxima of gradient are computed 
within the ROI. At first, the map of the positive gradient is 
made (3) by scanning all vertical lines in the ROI from inside 
towards outside of the CCA. Then, the largest and second 
largest local maxima of positive gradient in each vertical line 
are extracted.  Within those two pixels, not all, but most of 
contour of the adventitia and the intima (if appeared) are 
included.  
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Finally, the horizontal continuity of candidate pixels is 

checked. If the intima is clearly shown in the image, those 
two pixels are defined by two smooth lines, otherwise defined 
by one smooth line and scattered dots. Therefore, a threshold 
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Fig. 3 Flow chart of the proposed image processing algorithm. 
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of length is applied for the continuity of the extracted pixels. 
The continuity is defined as follows; if the difference of 
y-coordinate between two neighbor pixels is zero or one, they 
are defined as continuous pixels. Only the continuous pixels 
which length is more than threshold are extracted. The 
number of extracted pixels is the score of detection of the 
intima. 

IV. PROBE PATH PLANNING  
Before starting automated scanning, the manipulator is set 

by the operator perpendicularly to the center line of the 
subject where the probe will be located about 10-20 mm from 
the approximate CCA location outside center of the neck, 
then operator clicks start button of the automatic detection 
sequence. After that, no human intervention is required until 
the robot system detects the target image which is ready for 
medical diagnosis. The flow chart of the proposed probe path 
planning sequence is shown in Fig. 4. 

At first, probe is moved downwards until it touches the 
skin. The detection of contact skin surface is based on 
calculation of inter-frame differential of grayscale (4); where 
I is the grayscale of the pixel (x,y) and t is the frame number.  

{ }∑ −−=
yx

tyxItyxID
,

)1,,(),,(                    (4) 

If D is more than threshold, the contact is detected. In order 
to obtain a clear ultrasound image, the probe surface should 
keep in contact with the subject’s skin. However, the surface 
of neck is not flat. Sometimes a gap is made between skin and 
a part of the probe surface. Therefore, if vertical dark zone is 
detected in the right or left end of ultrasound image, the probe 
is rotated towards the dark gap in all sequences (Fig. 5a). 
After first contact with the skin, the probe is moved upward, 
forward, downward as illustrated in Fig. 5b. The lengths of 
each arrow b, c are 10.0, 7.5mm respectively. The lengths of d 
depend on the shape of the neck. If the lengths of b, d are 
different, it means the probe orientation is not the same as the 

normal of the neck surface. Therefore the probe is rotated by 
e=k(b-d), where k is the gain. Although e can be defined by 
geometrical calculation as e[rad]=tan-1((d-b)/c), the 
measurement of d is not always accurate as the gel on the 
probe has some thickness, so k should be experimentally 
determined as smaller value than theoretically calculated. 

By repeating the above procedure for three times, the 
manipulator defines four points along the surface of the neck 
at 7.5 mm regular interval (Fig. 6a). At those four points, the 
coordinates of six axes are recorded. By interpolating those 
four points, the scanning path in which the probe can always 
keep contact with the skin at right angle is obtained.  

Then it scans neck surface tracing the path defined the 
above, and it stops when the probe detects the CCA. In the 
most case the clear longitudinal section of the CCA appears at 
first scan. We defined the clear longitudinal section of the 
CCA as the image which penalty index is less than 20% of 
image width. However, if the probe and the CCA are not 
parallel, the observed the CCA in the image will be an 
ellipsoid dark gap and it is difficult to discriminate from other 
small dark gaps appearing anywhere. We make use of the 
motion of the image. The ellipsoid dark gap of the CCA 
moves across the frame during the scanning while other small 
dark gaps do not. Therefore, we trace the center of the all of 
small dark zone in the image and if the width of the locus is 
more than threshold, we regard it is the partial image of the 
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Fig. 4 Flow chart of the proposed probe path planning algorithm. 
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CCA. 
If the CCA is not detected during the first scan, then the 

robot repeats the scan with different angle in z axis until the 
CCA is detected. After detection of the CCA, manipulator 
moves the probe downwards by 7 mm. If the change on the 
average diameter is more than threshold, the robot regards the 
detected objects as the IJV, then the probe will be moved to 
far side from center of the patient’s body and it repeats the 
CCA searching sequence.  

Finally, the purpose of the intima searching sequence is to 
locate the probe where the clearest image of the intima is 
observed. This sequence is done as follows:  
1) A small area crossing the CCA is scanned; 
2) During scanning, the score of the intima is calculated; 
3) The maximum score during the above 2) is recorded; 
4) When the 80% of the recorded maximum score is 

reproduced during returning path, the probe stops its 
movement; 

5) Apply the 1)-4) steps for y translational axis and z 
rotational axis as it is shown in Fig. 6b; 

 As the maximum score is unknown and the sign of position 
error is unknown, we have chosen the strategy of “scan and 
return”. Furthermore, there is a hysteresis in the distance of 
probe and the CCA because of the friction between the probe 
and the neck skin, therefore returning to the exact recorded 
position is not effective.  
 If patient moves during the WI measurement, the suitable 
image may disappear. So the manipulator is required to 
recover the probe position. Therefore, if the score of the 
intima is less the 50% of recorded maximum, the manipulator 
starts the above sequence 1)-5) again. 

V. EXPERIMENTS & RESULTS 
The proposed automated scanning algorithms are 

implemented to the robotic system WTA-1RII. The B-mode 
image is acquired by 13MHz linear probe of the ultrasound 
diagnostic system (Pro Sound II SSD-6500SV 
commercialized by ALOKA Co., Ltd.) at about 20 fps, which 

outputs the signal in NTSC format, then captured by video 
grabber Euresys’s Picolo Pro 2 into a PC (Pentium 4 3.2GHz). 
The image processing is implemented by Intel’s OpenCV. 
The captured ultrasound image is 640x480 pixels, and 
processed region of interest is 322x376 pixels. The PC 
performs both the image processing and robot control which 
are written in C++. Including the robot control (sampling time 
is 5 ms), the frame rate for the image processing was about 14 
frames per second. 

A. Image processing algorithm – CCA detection rate 
In order to confirm the effectiveness of the proposed CCA 

detection, we have applied our proposed CCA detection 
algorithm for 57 images randomly taken from 15 healthy 
volunteers’ (male 13 and female 2). All images contain the 
longitudinal section of the CCA, while some include 
ambiguous edges of the CCA walls. In all cases, the CCA 
detection algorithm has successfully identified the CCA in 
the images. We evaluated the accuracy of the detected 
contour of the CCA walls. In this experiment, if the extracted 
contour is just inside of or on the CCA walls, it is regarded as 
accurate. On the contrary, if any part of extracted contour is 
outside of the CCA, the length of such part is measured and 
divided by whole length of the CCA, and counted as error 
ratio. The average of error ratio is shown in Table I. There 
was no error in the far wall (FW) while error ratio of 7% was 
observed in the near wall (NW). An example of detection 
error is shown in Fig. 8a. Although the small error does not 
affect the CCA detection during the scanning sequence, it will 
affect the intima detection rate because the ROI for the intima 
detection is based on the extracted contour of the CCA walls. 

B. Image processing algorithm – intima detection rate 
The intima detection algorithm (including the CCA 

contour detection process) was applied for the same 57 
sample set of the images. The results are shown in Fig. 7; 
where we can observe the relation between actual length of 
the intima and auto-detected length of the intima. Actual 
lengths were manually measured and confirmed by a skilled 
doctor. Although they are not in the exact linear relation, the 
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Table I 

The result of CCA detection rate 

 Error ratio 

NW 7% 

FW 0% 

 
Table II 

The result of preliminary experiments 

 Success Failed Total 

[cases] 50 5 55 

[%] 91% 9% 100% 
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result shows enough correlation for guiding ultrasound probe 
to the direction where the intima is clearly observed. 

C. Preliminary Experiments 
In order to verify the effectiveness of the proposed 

automated scanning method for the CCA, we have performed 
an experiment with 11 volunteers (10 males and 1 female, 
healthy). For this experiment, we have asked the subjects to 
lay on the bed in supine posture. Then, the manipulator of the 
WTA-1RII was set perpendicular to the body center line at 
the position where the ultrasound probe is about 5mm above 
the neck surface by operator. After that, the operator pushed 
the start button and waited until whole sequences finish. For 
each subject, 5 trials have been performed. The video 
accompanying this paper shows the whole sequence of the 
scanning. If the robot completed the whole sequence 
(obtained clear image of the intima), the trial was counted as 
successful. The results are shown in Table II. As we may 
observe, among total of 55 trials, 50 trials (91%) have been 
successfully finished. The causes of failed trials are as 
follows: detected the IJV and could not find the CCA, the 
transversal dark gap other than vessel appeared (Fig. 8b). In 
the former case, the robot was trapped a repeat cycle to detect 
IJV. Further adjustments of system setting such as scanning 
range in both position and rotation are required. In the latter 
case, the problem could be easily solved by thresholding the 
intensity outside the detected contour of the CCA. 

VI. CONCLUSION & FUTURE WORK 
The algorithms of the robot which automatically searches 

and detects the CCA and its tissue layers by using medical 
ultrasound were presented. The effectiveness of the robot 
system was evaluated by 11 volunteers. Test result was 
promising. 

The proposed algorithm is designed especially considering 
practical robustness. Although some problems were found in 
experimental result, they are not difficult to be avoided by 
implementing some additional algorithms. The more clinical 
tests are carried out, the more exception might be found. It is 
the nature of biological measurement. Therefore, this system 
needs large amount of clinical tests to accumulate the 
definition what is the CCA and what is not the CCA in the 
ultrasound image before practical use.  

As a future work, the repetitiveness and accuracy of the WI 
measurement will be compared between manual conventional 
method and automated method to evaluate the robot system. 
Then we would like to extend the automated ultrasound 
diagnosis to the other organs. 
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Fig. 8 a) Example of the image containing detection error of the CCA 
walls ; b) Example when the transversal dark gap is appeared (other than 
CCA or IJV). 
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