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Abstract

In treatment planning and surgical interventions, physicians and surgeons need information about the spatial
extent of specific features and the surrounding structures. Previous techniques for extracting features, based on
magnetic resonance imaging and computed tomography scans, can be slow and cumbersome and are rarely used
by doctors. In this paper we will present a novel approach to extract features from tracked 2D ultrasound, in par-
ticular hypo-echoic regions such as blood vessels. Features are extracted during live examinations, removing the
need for slow and cumbersome post-scan processes and interaction is based on the natural interaction techniques
used by doctors during the examination. The ultrasound probe is utilized as a 3D brush, painting features in a
3D environment. The painting occurs during a regular examination, producing little extra interaction from the
doctor. We will introduce a novel approach to extract hypo-echoic regions from an ultrasound image and track
the regions from frame to frame. 3D models are then generated by storing the outline of the region as a 3D point
cloud. Automatically detecting branching, this technique can handle complex structures, such as liver vessel trees,
and track multiple regions simultaneously. During the examination, the point cloud is triangulated in real-time,
enabling the doctor to examine the results live and discard areas which are unsatisfactory. To enable modifications
of the extracted 3D models, we present how the ultrasound probe can be used as a interaction tool for fast point
cloud editing.

Keywords: Feature Detection and Tracking, Data Seg-
mentation, Biomedical and Medical Visualization

1. Introduction

In recent years, sophisticated visualization techniques for
liver examination and pre-operative planning have been de-
veloped to aid in liver treatment, such as tumour resection
and living donor liver transplantation. The complexity of the
liver and the vascular structure within, make it difficult to
get a clear view with simple slice based visualization tech-
niques. 3D visualizations of the different structures within
the liver can provide a better overview and tools based on
3D images for surgery training and pre-operative planning
exist to help teaching surgeons in training handle the com-
plexity of the liver [BRS∗06]. Many different liver treat-
ment planning techniques are based on a liver segmenta-
tion scheme called Couinaud segmentation. In the late ’50s
Claude Couinaud [Cou57] suggested that the liver can be
separated into eight different parts divided by the hepatic and
portal veins. For complex procedures, such as liver donation,

it is vital to know the location of these veins. Hence there is
a high demand for vessel-extraction algorithms in medical
imaging.

There are techniques developed for defining the Couin-
aud segmentation automatically in 3D images of the liver
[WCHJ07]. Since the branching of the portal and hepatic
veins essentially define the segments, the vessel tree can be
parametrized and the spatial extent of each segment can be
calculated. These techniques require a pre-extracted vessel
tree from the underlying data. Current vessel extraction al-
gorithms are mostly applied to computed tomography (CT)
data due to the consistency of the data values. Since the
values are typically given in normalized Hounsfield units,
they are stable for a certain tissue type across individuals.
This consistency make it easier to automatically extract the
blood vessel as one can define which value to include in the
segmentation. Although CT produces consistent values with
high resolution, it is potentially dangerous to use. CT scans
sends out X-rays through the body which produce a large
amount of radiation, and are therefore not desirable to use
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frequently. Magnetic Resonance Imaging (MRI) can also be
used for feature extraction. MRI does not produce any radi-
ation and is in that sense regarded as a non-invasive imag-
ing technique, but it requires contrast agents to be able to
clearly detect the vessel trees. The contrast agent can be con-
sidered invasive as a foreign substance is inserted into the
blood stream. MRI scans may also suffer from respiration
artefacts, since the patient is breathing during the scan. MRI
scans are very expensive and due to the high cost of MRI
hardware it is not available in every hospital.

Ultrasound is a modality not so often used for feature ex-
traction. Still, it is one of most frequently used tools for med-
ical imaging. Unlike CT, ultrasound transmits sound waves
into the body and records the echo produced by the inter-
nal organs. Sound waves have no proven dangerous side ef-
fects when used within the regulations given by Food and
Drug Administration, which enables the physician to per-
form scans as often as required. MRI and CT data are usu-
ally examined after acquisition and if vessel-extraction tech-
niques fail due to scanning artefacts in the acquired data,
the acquisition process has to start over again. This is costly,
time consuming and sometimes dangerous. A major winning
factor with ultrasound is live examination. The physician is
examining the images as they are generated. Because ultra-
sound has no proven dangers, he is able to continue the ex-
amination until he is satisfied with the images generated.

Vessels in the liver can be thin and vessel detection algo-
rithms require a high resolution image. Compared to CT and
MRI, 2D ultrasound has a very high temporal as well as spa-
tial image resolution. High resolution images and consistent
blood values are a key element for vessel extraction. In ultra-
sound imaging, blood vessels are hypo-echoic. This means
that a blood vessel does not give any significant echo, and
blood remains consistently black in the ultrasound image.
Still, the ultrasound suffers from a low signal-to-noise ratio
and refraction from small structures in the body produce im-
age speckle which have made ultrasound often considered
not suitable for feature extraction. With the approach pre-
sented in this paper, we aim to change this misconception of
ultrasound data.

In this work we propose an interactive approach to ex-
tract anatomical structures during live ultrasound examina-
tions. We focus our technique on the complex vascular struc-
tures in the liver. We show how hypo-echoic regions, such as
blood vessels, are detected from a user selected seed point.
For the next frame in the ultrasound scan, new seed points
are calculated based on the area of the blood vessel from
the previous frame, to enable automatic vessel-tracking. As
liver vessel trees are branching out, we propose a technique
which automatically detects the separation of a vessel-region
into multiple separate vessel branches.

Live acquisition enables the doctor to examine the 3D
model as it is generated. Areas with sparse sampling have
less certainty for precise feature representation. We apply a

segmentation-certainty visualization by highlighting sparse
regions. The doctors can then move back to the marked area
for re-sampling. In some cases, vessel tracking may be lost.
The tracking can be re-obtained by moving the probe into
a previously extracted vessel. In some cases the extracted
vessel can be less satisfactory. We introduce a technique for
editing the generated 3D model, using the ultrasound probe
as an intuitive selection tool. The selection is based on a tree-
graph of the vessel tree, making it possible to select branches
or entire sub-trees of the 3D model.

In the following section, we discuss previous techniques,
and in Section 3 and 4 we describe the process going from
tracked 2D ultrasound to 3D models during live examina-
tions. In Section 5 we present the results from the proposed
technique and in Section 6, we discuss future improvements
and applications.

2. Related Work

A driving force pushing research in 3D liver vessel seg-
mentation are emerging new techniques for liver resections,
setting new requirements for the preoperative imaging and
planning [MTC02, NSM05]. Virtual liver surgery planning
system use high-level image analysis algorithms and virtual
reality technology to help physicians find the best resec-
tion plan for each individual patient [RBBS06]. In a semi-
nal paper in this field, Selle et al. propose a region growing
based approach for liver vessel segmentation based on com-
puted tomography (CT) scans [SPSoP02]. Their approach
comprises region growing for vessel segmentation, skeleton
extraction, and transformation into a graph for subsequent
shape analysis. Using this information, intra-hepatic vessel
systems are identified and visualized with graphics primi-
tives fitted to the skeleton to provide smooth visualizations
without aliasing artefacts. Oeltze and Preim propose a re-
fined visualization of vasculature, producing smooth transi-
tions at branchings and closed, rounded ends by means of
convolution surfaces [OP05]. In [LWL∗08], Li et al. pro-
pose an algorithm incorporating both spatial and tempo-
ral information of a propagating front to advance the seg-
menting contour, whereas Beichel et al. employ a vessel en-
hancement filter for segmentation of liver vessels in CT data
[BPJ∗04]. Small branches, however, are difficult to segment
due to noise and partial volume effects. A similar strategy
to the work presented by Beichel et al. has been suggested
in [KZZ∗07]. Recent approaches on automated extraction of
liver vasculature include adaptive region growing techniques
[SCG∗08], graph cuts methods [ELD10, HVN08], segmen-
tation using graphics hardware [ERS08], atlas based meth-
ods [KZH∗08]. See [KQ04] for a comprehensive review on
vessel segmentation techniques.

However, there is also research on vessel extraction and
tracking techniques from sonographic B-mode data. Good-
ing et al. propose second-order shape measurements for the
detection of mammary ductal structures in 3D breast images
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Figure 1: The user first selects a single point, the system extracts features from the 2D image and maps the outline into a 3D
environment. The process then repeats itself until the user is satisfied.

[GMS∗05]. In [NMWL07], Nowatschin et al. present a sys-
tem for automatic analysis of intra-operative B-Mode ultra-
sound images of the liver. The system is part of an assistance
system for open liver surgery. It supports 3D-ultrasound
imaging and automatic segmentation of vessel structures in
the intra-operative ultrasound images. With this segmenta-
tion results, an ultrasound based 3D-model of the vascular
structure is extracted and manually registered to a preoper-
ative CT-based model. Anatomical landmarks like bifurca-
tions of vessels are automatically extracted in the ultrasound-
based model and used for an automatic registration process
in further developments.

Lange et al. propose an approach aiming at an accurate
navigation in liver surgery via intra-operative 3D ultrasound
[LEH∗04]. Ultrasound data are augmented with preoperative
anatomical models and planning data as an important ad-
ditional orientation aid for the surgeon. Their approach for
fast intra-operative non-rigid registration of the preoperative
models to the ultrasound volume is based on the vessel cen-
ter lines and consists of a combination of the Iterative Clos-
est Point algorithm and multilevel B-Splines. In [PBH∗04],
the authors present a method to register a preoperative MR
volume to a sparse set of intra-operative ultrasound slices.
The spatial relationship between ultrasound slices is ob-
tained by tracking the probe using an optical tracking sys-
tem. Their registration algorithm converts the intensity val-
ues of the MR and ultrasound images into vessel probabil-
ity values. The registration is then carried out between the
vessel probability images. Zhang et al. [ZNB06] propose a
method to register a real time 3D ultrasound volume to a
2D cardiovascular MR image utilizing a local phase presen-
tation as an image descriptor. This information is then em-
ployed in a multi-scale registration process to estimate the
global affine transformation using a differential technique.
A similar approach is utilized in [GBN07] for registration
of multi-view 3D echocardiographic sequences. W. Wein et
al. have done extensive research on CT-ultrasound registra-

tion [WRN05, WBK∗08]. Rigid transformation between CT
and processed 2D ultrasound images has been presented by
A Leroy et al. [LMPT04]. A. King et al. suggests an ap-
proach for rigid registration between 3D ultrasound and MRI
data [KMY∗09].

3. Ultrasound Painting Methodology

The painting process starts with the doctor locating a vessel
cross-section in the ultrasound image and selecting the ves-
sel with a button click. A distance manifold of the image is
generated from the point selected by the doctor. The area of
the vessel is then extracted with a region-growing algorithm
applied on the distance manifold using the selected point as a
seed-point. The technique used for vessel-region-extraction
is described in Section 3.1. In the next step we estimate new
seed-points based on this vessel-region and they are used to
extract new vessel-regions in the following frame. As the ex-
amination continues, the process repeats itself from frame to
frame, as shown in Figure 1. If vessels bifurcate, the system
automatically starts tracking both branches without any re-
quired interaction from the user. If the vessel moves out of
the field-of-view or it becomes too narrow from that particu-
lar transducer viewpoint, the system may lose tracking of the
current vessel. Tracking of a vessel can easily be re-obtained
by simply moving the ultrasound probe to a previously ex-
tracted area. The approach for tracking vessels and detecting
vessel bifurcation is described in Section 3.2.

3.1. Vessel Detection

Petersch et al. present a technique for soft segmentation of
3D ultrasound based on non-linear diffusion and distance
functions [PSSH06]. Our approach use a 2D segmentation
algorithm per frame based on the geometric segmentation
technique presented by Petersch et al. To reduce the effect
of noise and to remove speckle, we apply a Gaussian filter to
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Figure 2: The distance function is given by the spatial differ-
ence and a weighted intensity function.

the ultrasound image before features are extracted. The algo-
rithm is based on geometric distance in an distance manifold
of the image from a given seed-point, p. We then build the
distance manifold d(p’) out of the ultrasound image. The
distance manifold regards distance measures equivalent to
E3 where the difference between the central image intensity,
I(p), and the value of the neighbouring sample I(p′) com-
bined with a weight w, is regarded as the third coordinate.
As shown in Figure 2, using the 2D vector (x,y) = p’− p
and the difference in intensity,4I = I(p’)− I(p), we get the
following equation:

d(p′) =
√

x2 + y2 +(4I ·w)2 (1)

.

The default weight was set to 1 which turned out to pro-
vide the best result for most vessels, but for regions with low
contrast the weight can be adjusted up to compensate. To ex-
tract the vessel-region we apply a region growing algorithm
on the manifold d(p’) with a user-defined cut-off using the
current seed-point from the distance manifold. The extracted
region is then used as the basis for seed-points in the follow-
ing frame and the outline is plotted into the 3D model.

3.2. Vessel Tracking

As the first seed-point is selected by the doctor, the system
utilize his visual sense and medical experience to assume
that it is a valid hypo-echoic region representing a blood-
vessel. To relieve the user from having to select seed-points
on every frame during the ultrasound examination, we de-
veloped a technique for automatically estimating the next
position of the vessel based on the vessel-region extracted
from the previous frame. To maintain tracking of the current
vessel and to detect the new vessel-branches, the tracking
system makes an educated guess where to insert new seed-
points within the next image.

(a) (b)

Figure 3: The vessel-extraction technique output a region (a)
and the skeleton is then estimated to provide new seed-points
for continuous tracking (b).

After a vessel-region has been extracted with the tech-
nique described in Section 3.1, we assume that the next
frame will contain the same blood-vessel approximately in
the same area. The first step is to estimate the center of the
previously generated region. For our purpose we found the
maximum value in a 2D distance transform of the vessel-
region to be a good estimation. In the next frame we then
use the estimated center of the vessel-region from the pre-
vious frame as the first seed-point for the vessel-extraction
algorithm. For a more robust tracking and to detect branch-
ing, we calculate several seed-points in the outer region of
the vessel-region. These seed-points in the outer areas are
calculated from the 2D skeleton of the vessel-region. To ex-
tract the skeleton from a vessel cross-section, a morpholog-
ical thinning process [GW08] is utilized. This results in a
pixel-wide structure which represent the topology of the re-
gion, as shown in Figure 3b. The end points of the skeleton
are used as assisting seed-points in the next frame.

From the generated seed-point, several regions are ex-
tracted. Some of the calculated seed-points from the previ-
ous frame may not hit the vessel in the next image. To en-
sure that we are tracking a vessel we check if a seed-point is
within the value-window of a hypo-echoic region, typically
the lower 10% of the entire grey-scale range.

Hypo-echoic regions are not the only dark areas in the
image. Certain seed-points will generate vessel-regions that
bleed out into dark areas, such as shadows from bones. To
detect these regions we look at the topology of the skeleton.
If the skeleton contain too many different bifurcations, the
region is considered non-valid. The first valid region gen-
erated are then merged with all valid overlapping regions.
A non-overlapping valid region means that the blood-vessel
is branching out. The new vessel-branch is then tracked in
the same manner as the current vessel. After each vessel
tracked in the current ultrasound image have been extracted,
the outline and the center for each region is stored into the
3D model. In the next section we describe how information
from the vessel-region is used to generate and handle a 3D
model.
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4. Vessel Operations

Figure 4: Upper part of the left hepatic vein rendered as a
point cloud with normals.

An ultrasound examination is usually a live process and
the user examines the ultrasound image as the examina-
tion progresses. Since vessel-regions are updated in the 3D
model every frame, we needed a fast method for storing and
presenting the 3D model. From each region we extract the
outline sampled into discrete points, and the center point.
The outline samples are put into a point cloud and the cen-
ter point is used as the center line for the 3D point cloud as
shown in Figure 4. For each sampled point, we estimate the
surface normal which is used later in triangulation and shad-
ing calculation. The point cloud is then triangulated while
the points are added providing a surface rendering of the
3D model live during the examination. We have developed
a technique based on Buchar et al.’s approach for local tri-
angulation of point clouds [BBA08]. The technique for live
triangulation is described in Section 4.2.

The blood vessels in the liver form a tree. In the next sec-
tion, we present a technique for editing the point cloud using
the branches of the center-line tree as a reference to points in
the point cloud. Using a simple tree structure reduces inter-
action into a basic graph-interaction scheme where the user
utilize the ultrasound probe as a selection tool to prevent the
need for sketch-based editing techniques.

4.1. Point Cloud Editing

Shadows from bones and air pockets appear as low inten-
sity regions. Since the region detection approach is based on
hypo-echoic regions with low intensity, the vessel-tracking
system can be affected and generate undesirable artefacts.
The topology of the vessel-tree is represented by the center-
line-tree generated from the center of the vessel-region.

To edit and delete points from the point cloud we utilize
the tree structure as a way to isolate points which belong to
each vessel-branch. The center points from each extracted
vessel region are put together into a tree, where the nodes of
the tree acts as parents for the surrounding points. The in-
tersection between the ultrasound plane and the center-line
branches are highlighted in the ultrasound image and the

(a) (b)

Figure 5: During the examination, the user selects a branch,
(a), and removes the corresponding points from the point
cloud.

user marks an intersection point as the root of the center-
line-tree. After the center-line-tree has been flipped accord-
ing to the selected root, the user traverse to the branch which
he wishes to remove. The selected sample points are high-
lighted and can then be removed. In Figure 5, the user has
removed the lower part of the branch due to artefacts gener-
ated from noise in the ultrasound image.

4.2. Point Cloud Triangulation

Comprehending the shape of distributed points in 3D space
can be difficult if the points are rendered as single coloured
dots on the screen. Many techniques exist for estimating
point normals and point cloud triangulation. Due to live ac-
quisition of data, we based our technique on a local triangu-
lation technique developed by C. Buchar et al. [BBA08]. To
provide means of triangulating live while the point cloud size
increase, we organize the point cloud into an octree struc-
ture. The triangulation within each cell can then be handled
separately, considering only the neighbouring cells. The lo-
cal triangulation technique require point normals. The nor-
mal estimation is based on the eigenvector-vector of the
covariance matrix to the k-nearest-neighbours. For our ap-
proach we chose k to be 16, which provided stable results.
The normal is estimated by the cross-product of the eigen-

Figure 6: Triangulation of the point cloud into a smooth sur-
face and provide a better shape-perception. Regions with
sparse sampling are not triangulated correctly and holes ap-
pear in the surface.
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Figure 7: On the right we see an ultrasound image with multiple intersecting vessels. Each vessel is tracked from a single
user selected seed-point and stored as a 3D model shown on the right. Complex structures are extracted live from tracked 2D
ultrasound with little required interaction.

vectors corresponding to the two largest eigenvalues. The re-
sult of a cross-product between two vectors is dependent on
the order of the vectors. Using the cross-product can result
in normals pointing into the structure. Buchart et al. algo-
rithm for orienting the normals correctly, assumes that on
a smooth surface, each point connected by an edge in the
mesh will have the approximately the same normal orienta-
tion. This require a time-consuming traversal of all the points
to ensure correct orientation. Since we have the center-line
already computed we can orient a point normal, n, according
to the normalized vector from the center-line to the point, v
using,

n =

{
n if n ·v > 0
−n if n ·v < 0

(2)

.

5. Results

For the results generated with the presented approach we
have three different set-ups, one set-up using pre-acquired
ultrasound data and two set-ups for live ultrasound acquisi-
tion. For the first set-up we have three datasets from a me-
chanically tilted curved ultrasound probe and a GE Logiq
E9 ultrasound machine. The images are stored in a stack and
the transformation of each slice is calculated based on the
number of slices per image and the angle of the tilt. Each
dataset has been co-registered manually. The second set-up
is a Vingmed System Five ultrasound machine with a curved
probe and for the third set-up we have used the GE Logiq
E9 ultrasound scanner also with a curved ultrasound probe.
For both live-acquisition set-ups we retrieve the ultrasound
image using an Epiphan VGA LR frame grabber. Tracking
of the ultrasound probe is acquired from an Ascension Flock
of Birds magnetic tracker system. The prototype was devel-

oped in the framework VolumeShop created by S. Bruck-
ner [BG05].

In Figure 7 we have extracted the middle hepatic vein
from the pre-acquired data. This data also have a co-
registered pre-segmented MRI scan of the same patient. A
comparison with the ultrasound extraction and manual seg-
mentation of the middle hepatic vein can be seen in Figure 8.
In the Figure 8a, some vessels are not extracted since they
are too narrow from provided the ultrasound-probe view-
point. This causes the system to miss the bifurcation and
certain small vessels are left out. The vessels in Figure 8b
was extracted by a moderately skilled user in 4 hours, while
the vessels in Figure 8a was extracted in less than 10 sec-
onds.

(a) (b)

Figure 8: In (a) we see a smooth surface rendering of a point
cloud representing the middle hepatic vein. The point cloud
is extracted from ultrasound data from a single sweep me-
chanically tilted probe. With only one sweep we are able to
extract the several branches. In (b) we see the same vein ex-
tracted manually from a co-registered MRI dataset.
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From the System Five set-up, we acquired a bifurcation of
a liver vessel, seen in Figure 9. From the transducer view-
point only two vessels are extracted. Moving the ultrasound-
probe to another viewpoint, tracking can be restarted and we
can extract two more vessels shown in Figure 10.

Figure 9: A liver vessel bifurcation extracted with a single
sweep using the System Five set-up.

Figure 10: A second sweep from a different angle adding a
to new liver vessels to the existing model.

Certain vessels are challenging to get a clear view as the
ribs are casting shadows over the liver. Figure 11 show the
portal vein extracted using the GE Logiq E9, however certain
vessel-branches have a limited length due to the shadow cast
over the liver.

Figure 11: An extraction of the portal vein. The semi-
transparent discs are representing the cross-section between
the ultrasound image and the center-line tree.

Our medical partners have earlier expressed that previous

segmentation processes been too slow for efficient use. They
said the results from the static set-up showed great potential
for fast feature extraction. The doctors experienced however
that respiration movement, heart movement and shadows in
the image made tracking difficult for extracting entire ves-
sels trees.

6. Conclusion

In this paper we have presented a technique for extracting
features from tracked 2D ultrasound images. We focus our
work on the vascular structures in the liver. However, the
technique is applicable to other anatomical structures ap-
pearing as hypo-echoic structures in an ultrasound image,
such as the gall bladder or hypo-echoic tumour.

With the presented approach vessels can be extracted live
during an examination. As the user paints the extracted ves-
sels, visualization of the extracted vessel is shown, providing
a what-you-see-is-what-you-get approach for feature seg-
mentation. The extraction technique is prone to disturbance
from image noise and shadows from bone and air pockets.
This can create unwanted artefacts. We have therefore pro-
vided a means of editing extracted data by applying an intu-
itive interaction scheme with the underlying center-line tree
of the vessels. A challenge remains to provide a good view-
point for the ultrasound probe to get an unobstructed view of
liver vessels.

Since the extraction is performed live, the vessel-tracking
is affected by respiratory movement. The lungs work as a
piston pushing the liver down as the subject breaths in. The
heart is also causing distortions in the vessel tracking. Veins
close to the heart are moved back and forth, thus making
extraction of vessels close to the heart challenging. We are
currently investigating on motion compensating techniques
to enable a more stable vessel-tracking system.
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