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Abst rac t  

This paper describes an ultrasound imaging simulator dedicated to the training 
of physicians for the detection of deep venous thromboses of the lower limbs. 
Currently, a lot of pathologies of soft tissue are readily diagnosed using ultra- 
sound imaging. This is the case of deep venous thromboses of the lower limbs. 
Because this examination is difficult and operator-dependent, developing a sim- 
ulator is very useful to give common databases of pathological samples on which 
physicians can both experiment image acquisition and evaluate their understand- 
ing of clinical cases. An ultrasound imaging simulator has been developed. An 
ultrasound volume is constructed from real images of any typical patient in an 
off-line pre-processing. Then, simulated images are generated from this volume. 
The image generation takes into account both the position of the virtual probe 
and the pressure applied by this probe on the body. Virtual ultrasonic images are 
generated using a particular interpolation technique and a deformable model of 
the significant anatomical structures. In most cases, the simulated images are 
indistinguishable from real ultrasound images. 

1 I n t r o d u c t i o n  

Echography has become one of the preferred mean of diagnosis in several patholo- 
gies of soft tissues. This comes mainly from its low cost, and non invasiveness. 
However, compared to conventional radiology, it does not permit later re-reading 
which raises a major problem for training, evaluation and for differed discussion 
of cases. Moreover, diagnosis from echographic images may be difficult because 
images are often of poor quality. Part of the image understanding comes from 
the dynamic character of the acquisition. This dynamic aspect is important both 
in terms of probe position and reaction of the anatomical structures. This re- 
action results from the pressure exerted by the probe over the body. Regarding 
diagnosis of thromboses, it is generally considered that the number of necessary 
examinations before having a good technical competence is around 1000. The 
first 500 examinations made by a student have to be supervised by a senior 
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physician. The possibility of virtual echography, providing intensive training of 
students. Thus, they could train themselves to acquire images and evaluate their 
understanding of clinical cases. The virtual echography would allow an increase 
in the extensive training skills including rare cases, independently of the number 
of patients of a given medical department. Besides, such a virtual echographic 
system could speed up new treatment evaluation since it would allow to establish 
evaluation standards [8]. 

This paper introduces a computer-based simulator designed to train physi- 
cians using ultrasound systems in the diagnosis of deep venous thromboses. In 
the following sections, we present the medical context of the study (section 2) 
and an overview of different approaches which can be considered in order to 
generate virtual ultrasonic images (section 3). In section 4, we present our tech- 
nical approach and describe the image generation (interpolation and deformation 
methods). Results are compared to real ultrasound images in section 5. We con- 
clude in section 6. 

2 M e d i c a l  p r o t o c o l  

Our study focuses on the simulation of echographic acquisitions for the diagnosis 
of deep venous thromboses of the thigh. Ultrasound examination for deep venous 
thrombosis detection consists in scanning the whole deep venous network per- 
pendicular to vessels (Figure 1). An increasing pressure is applied by the probe 
on the thigh to observe the vein deformation in the ultrasonic images. From this 
behaviour, one can decide whether or not a vessel is partly or totally obstructed 
without necessarily directly seeing a blood clot on a static image. 

Fig. 1. Examination position (left) and typical ultrasonic image (right) 

Deep venous thromboses of lower limbs can be detected by analyzing the vein 
collapsing when applying increasing pressure on the thigh with the echographic 
probe. Figure 2 sketches out different echographic images that would be obtained 
by applying increasing pressure in a non-pathological case. The typical image 
sequence observed along the arterio-venous axis during the examination is the 
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Fig. 2. Echographic aspect of a non pathological vein 

following. Vein in relaxation during the initial situation where there is no exerted 
pressure (cf. fig. 2.a). Figure 1 shows a typical image echographic image of the 
thigh in state a. Progressive flattening of the vein as the pressure increases 
(cf. fig. 2.b). Complete venous collapsus when probe pressure is bigger than 
veinal blood pressure. The vein disappears from the image (cf. fig. 2.c). Arterial 
hyperpulsatility occurs if probe pressure goes over arterial pressure (cf. fig. 2.d). 

Vein incompressibility, detected from the image deformation, is the patho- 
logical sign of a thrombosis. In a pathological case, the image would remain in 
the state described in figure 2.b or somewhere between the states b and c. When 
arterial hyperpulsatility is reached (state d), the vein may collapse even if ob- 
structed. This state should be avoided as much as possible to avoid both wrong 
diagnosis and the effect of potential motion of a blood clot in the venous tree. 

3 Existing approaches for the simulation of ultrasound 
imaging 

The simulation process can be split into a visual and a gestural part. Existing 
simulators focus on the visual part of this process. It concerns the real-time 
generation of realistic images to be displayed on a screen from the position of the 
probe relatively to the anatomical structures. Two approaches can be considered 
to generate such images. 

Ultrasound imaging is based on ultrasonic wave propagation inside matter.  
The generative approach is a physical approach consisting in modelling this prop- 
agation. Therefore, in order to generate images, we need an accurate model of 
the probe, a description of organs to be observed and a model of the interaction 
between the ultrasonic wave and the tissues. This is a very complex problem 
which has been tackled in several ways depending on the objectives of the sim- 
ulation (cf. [7], [2], [5], [11]). Generative approaches have the avantage of being 
applicable to any type of organs provided that a model of them is available. 
However, the phenomena which have to be modelled are extremely complex and 
time-consuming. In our context where real-time simulation is needed, a large 
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computational time is totally prohibitive. The compromise which has been pro- 
posed by E. Varlet reduces the computing time but does not allow yet to generate 
textured images. 

The second approach is based on the acquisition of a more or less dense 
volume of ultrasonic data  from which new images can be computed (see [1], [3]). 
The 3D volume of data  is acquired in an off-line preprocessing and images are 
generated during simulation, by computing a slice in the volume. Such images 
can be generated very rapidly. As they come from real ultrasound images, there 
is no realism problem. 

As stated previously, ultrasonic imaging is a dynamic examination. Images 
does not only depend on the probe position and orientation but also on the pres- 
sure exerted onto the body. The simulation has to take into account deformations 
induced by this pressure. Very few attention has been paid to this problem in 
the existing simulators. UltraSim [1] includes elastic registration tools to build 
a coherent volume from data  acquired under different probe positions therefore 
involving different local deformations. Nevertheless, during simulation no defor- 
mation is applied onto the images when the computed pressure of the virtual 
probe varies. Varlet [11] proposes a local non-linear model of deformation of the 
computed image allowing to deal with the constraints applied by the tip of the 
echo-endoscope to the local tissues. 

4 O u r  a p p r o a c h  

We have chosen an approach based on the computation of virtual images from 
a 3D ultrasound data  volume. This approach seems to be well-suited to our 
requirements: realism and real-time. Also for real-time reasons, a deformation 
model operating on 2D images without pressure consideration has been selected. 
The system works has follows. Let consider a pathological case of interest. A vol- 
ume of 3D ultrasonic data  is acquired with no significant pressure for database 
construction. The ultrasound probe is instrumented with infrared diodes which 
position is tracked using an optical localizer. Using this system, the position and 
orientation of the echographic plane can be recorded simultaneously to the im- 
age. No specific constraints on the position and orientation of the images apply 
during data  acquisition. Regions with thromboses are localized using the pro- 
tocol described previously and the corresponding images with pressure are also 
recorded with their position. These sets of images are segmented to compute 3D 
surfaces of the relevant anatomical structures (cf. [4]) with and without pres- 
sure. During simulation, after initialization, the position of the virtual probe is 
tracked by a localizing device. From the detected position of the virtual echo- 
graphic plane, a first image is computed using an interpolation method with 
no consideration of pressure. This image is deformed in a second step to take 
pressure into account. This second image is displayed to the user. 
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Fig. 3. Image generation 

4.1 I n t e r p o l a t i o n  

As already mentioned, firstly, an ultrasound image with no pressure considera- 
tion has to be generated. This requires the implementation of an interpolation 
method which is able to reconstruct an image in a given position from a 3D 
ultrasound data  set. Images from this set have any orientations. Therefore, it is 
difficult to find an interpolation direction. Due to the image poor quality, it is 
also very difficult to use interpolation methods such as the shape-based interpo- 
lation [9]. Discontinuities due to speckle and to our volume low-density do not 
allow to use classical interpolation methods for instance using a spline function 
of the grey level over the volume of data. In order to deal with these problems 
we have chosen to develop a new interpolation method; we have tested different 
methods which common point is to focus on the vein principal direction. Because 
deep venous thrombosis examination is mainly based on vein image observation, 
its looks reasonable to take the vein as our interpolation direction. 

The developed method has been inspired by J. Lengyel's work on 3D recon- 
struction of intravascular ultrasound slices [6]. Let consider the spline curve C 
interpolating the centers of the vein in the acquired images. The interpolation 
method consists in firstly transforming the initial reference system related to 
the vein (represented by the C curve) into an orthogonal reference system where 
the vein is represented as a line D (cf. figure 4). In this new space, images can 
be generated using a linear interpolation method on pixel grey levels: each pixel 
of the transformed images is linked to its two closest neighbours along D in a 
suitable database. For each pixel of the synthesized image, the grey intensity is 
obtained very rapidly by linear interpolation of the closest pixels found in the 
database. 



1037 

Fig. 4. From a curval reference system to an orthogonal reference system 

4.2 D e f o r m a t i o n  

To represent the deformation due to the probe pressure, we need to find a model 
which input is this 2D image with no pressure consideration and which output  
is another 2D image taking into account tissue deformation due to the probe 
pressure. The main difficulty of this modelling lies in the fact that  each structure 
has its own way to react under pressure. Arteries have almost no deformation. 
Non pathological veins flatten. Superficial soft tissues have a linear deformation. 
Deep tissues have almost no deformations. Due to these differences we can not 
apply the same deformation to the whole image. We have tested a first method 
which involved different functions of deformations depending on the position of 
the pixel into these four types of structures. The major problem we had to face 
lied in the discontinuities obtained in the synthetic image at the boundaries of 
the structures. Therefore, we propose a more general deformation model based 
on the elastic registration of images acquired at different levels of pressure. The 
idea is to deform the 2D image using an elastic transformation computed from 
relevant anatomical contours. The process is the following (cf. figure 5) : 

- Selection of the sets of points to be matched : in our case, the vein, the 
artery and the skin surface. This provides two sets of 2D points. They are 
computed from two pre-processed 3D models of the structures of interest 
(with and without pressure) (cf. [4]). 

- Computat ion of the non-rigid transformation between these sets of points 
: we propose to represent this transformation using octree-splines (here a 
quadtree-spline) as described in [10]. 

- Image generation : A regular grid is associated to the "pressure image" that  
has to be computed. It is transformed by the elastic transform found in the 
previous stage into another irregular grid super-imposed to the "non-pressure 
image" computed using the interpolation methods described previously. Each 
pixel from the regular grid may be mapped into a pixel or a neighbourhood 
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of pixels of the irregular grid. Its grey intensity is deduced from them as the 
mean value. 

Fig. 5. Image generation including deformations induced by pressure exerted by the 
probe over the body 

5 R e s u l t s  

Interpolation and deformation methods have been implemented and tested in 
real conditions. The different interpolation methods have been tested using both 
synthetic and real 3D ultrasound da ta  sets. Given those results, we have chosen 
the presented interpolation method.  To compare real images to virtual ones, 
we have decided to test our methods at a real acquisition position. The real 
ultrasound image is removed from the 3D ultrasound da ta  set. Then for this 
position, an ultrasound image is generated using our interpolation method.  The 
result can be seen on the figure 6. Another image has been generated at an 
arbi t rary position in the ultrasound volume as illustrated on figure 7). 

To test the selected deformation method,  we have generated an ultrasound 
image corresponding to a really acquired image. The pressure which has been 
selected corresponds to a medium pressure for which the vein is still visible in 
the image. Results can be seen Figure 8. 
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Fig. 6. (left) Ultrasound images from a thigh ultrasound examination (the image to be 
generated is represented in white) - (middle) Real image - (right) Interpolated image 

Fig. 7. (left) Ultrasound images from a thigh ultrasound examination. The image to be 
generated is represented in white. (Right) Virtual image generated by our interpolation 
method 

Concerning realism, virtual images are similar to real ones. Concerning real- 
t ime constraint, images (512x512 pixels) have been computed on a DEC Alpha 
workstation with a 500 Mhz processor. Generating an image with the interpo- 
lation method takes about  0.3 s and deforming it takes less than 0.1 s, if the 
non-rigid registration is computed in an off-line process. 

6 C o n c l u s i o n  

This paper  has presented different tools necessary to implement  a s imulator  
of ultrasound imaging based on a simple and effective concept where a da ta  
volume is constructed froIn real ultrasound images in an off-line process. Then, 
during the simulation stage, arbi trary slices of the volume are interpolated and 
postprocessed to simulate ultrasound images rendering deformation phenomena.  
Interpolated images have been computed and compared to actual images and 
the results are very promising. Nevertheless, further steps will be necessary to 
address other pathologies elsewhere in the body and to be able to render force 
and tactile feeling to the operator. 
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Fig .  8. Generating images with pressure : (left) real image without pressure - (middle) 
real image with pressure - (right) virtual image synthesized using the deformation 
model 
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