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Abstract— Ultrasound imaging is a non-invasive, real-time, low-cost, 

effective imaging modality for diagnosing and managing a variety of 

diseases. Most ultrasound-based clinical procedures are performed 

using conventional two-dimensional (2D) ultrasound images.  

However, accurate visualization and analysis of the three-

dimensional (3D) anatomy using a sequence of 2D ultrasound images 

is often challenging. To overcome this challenge, several approaches 

have been proposed for 3D ultrasound imaging. This study 

contributes to these ongoing efforts by describing a freehand 3D 

ultrasound imaging system based on a conventional 2D ultrasound 

machine and a 3D electromagnetic tracking system.  The synthesized 

3D ultrasound volumes are visualized using the Visualization Toolkit 

(VTK) open-source library and the ParaView open-source 

application. The feasibility of our freehand 3D ultrasound imaging 

system is demonstrated by imaging a double cross-wire phantom. 

Keywords—3D ultrasound; free-hand ultrasound; volume 

reconstruction; the Visualization Toolkit library; ParaView software.   

I. INTRODUCTION 

Ultrasound imaging is commonly used in various medical 
diagnosis and procedures, such as cancer screening [1-2] and 
image-guided intervention [3-4]. Compared with other imaging 
modalities, such as computed tomography (CT) and magnetic 
resonance imaging (MRI), ultrasound offers the advantages of low 
cost, noninvasiveness, portability, and real-time imaging 
capability. The majority of conventional ultrasound imaging 
systems is equipped with two-dimensional (2D) ultrasound 
transducers that cannot provide whole volume data of the tissue.  
Using 2D ultrasound imaging, the user is required to perform 
mental analysis and integration of several 2D ultrasound images to 
obtain a three-dimensional (3D) impression about the scanned 
anatomy. Moreover, conventional 2D ultrasound imaging systems 
do not support the acquisition of 2D images parallel to the skin.  
To overcome these limitations, 3D ultrasound imaging systems 
have been developed to enable 3D volume data acquisition [5-6].  

Several techniques have been reported in the literature for 
enabling 3D ultrasound imaging. In general, these techniques can 
be classified into three groups: the use of a 2D array to acquire 3D 
ultrasound data, mechanical 3D scanning using a linear array, and 

freehand 3D scanning using a linear array [7]. The ultrasound 
imaging systems that employ 2D arrays can acquire 3D images of 
a volume of interest (VOI) in real time. However, these systems 
involve high-costs and are not commonly available. In mechanical 
3D scanning techniques, a 2D ultrasound transducer with a linear 
array is rotated, translated, or tilted using a motorized mechanism 
and a sequence of 2D ultrasound images is acquired. Since the 
scanning geometry is known and the motion of the transducer is 
precisely controlled, the position and orientation of the acquired 
2D ultrasound images can be determined with high accuracy. One 
limitation in these systems is the motion range of the transducer, 
which is governed by the motorized scanning mechanism. 
Moreover, compared with conventional 2D ultrasound 
transducers, these 3D systems are considered bulky and hence their 
use in some clinical procedures might not be convenient. In 
freehand 3D ultrasound, a conventional 2D transducer is tracked 
to measure its position and orientation during ultrasound imaging. 
When the operator moves the 2D transducer over the target 
anatomy, a sequence of 2D ultrasound images along with their 
positions and orientations are acquired. These 2D ultrasound 
images and their spatial information can be processed using 3D 
reconstruction algorithms to synthesize a 3D ultrasound volume. 
Freehand 3D ultrasound has gained increasing popularity due to 
the advantages of low cost and scanning flexibility. 

Many methods have been proposed to estimate the position and 
orientation of the ultrasound transducer during freehand ultrasound 
imaging. Examples of these methods include tracking the 
ultrasound transducer using a position-sensing system, such as 
optical tracking devices [8], electromagnetic tracking devices [9], 
and articulated arms [10]. In addition, some methods estimate the 
relative locations and orientations between the 2D ultrasound 
images based on image-based sensing derived from speckle 
analysis of ultrasound images, without the use of position-sensing 
systems. However, the accuracy of the position and orientation 
measurements obtained using image-based sensing might be 
limited. The most common approach for freehand 3D ultrasound 
scanning is to use electromagnetic tracking systems for measuring 
the position of the transducer.   
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In this paper, we describe a freehand 3D ultrasound imaging 
system in which the motion of the 2D ultrasound transducer is 
tracked by attaching a 3D electromagnetic sensor to the transducer. 
An important step to reconstruct a 3D ultrasound volume based on 
a sequence of 2D ultrasound images is to transform the coordinate 
system of the 2D ultrasound images to the coordinate system of the 
electromagnetic sensor.               Chen et al. [11] proposed an 
automatic, effective calibration method to compute the 
transformation between the ultrasound images and the position 
sensor, but the method was originally developed for optical 
tracking systems. In this study, we employ this method to compute 
the spatial transformation between the coordinate systems of the 
ultrasound images and the electromagnetic sensor.  The 
visualization of the synthesized ultrasound volumes is performed 
using the Visualization Toolkit (VTK) open-source library and the 
ParaView open-source application. 

The rest of the paper is organized as follows: Section II 
describes our 3D freehand ultrasound imaging system. The 
experimental results are provided in Section III. The discussion 
and conclusion are presented in Sections IV and V, respectively.   

II. MATERIALS AND METHODS  

A. System Setup 

Fig. 1 shows the system setup of our freehand 3D ultrasound 
imaging system. The system is composed of an ultrasound 
machine (SonixTouch Q+, Ultrasonix Inc., Richmond, BC, 
Canada), a 3D electromagnetic position tracking system 
(trakSTAR, NDI, Ontario, Canada), and a computer workstation 
for both 3D ultrasound reconstruction and visualization. The 
ultrasound machine is equipped with an L14-5/38 linear transducer 
that has a center frequency of 7.2 MHz. The 3D position of the 
ultrasound transducer was tracked by attaching one of the sensors 
of the electromagnetic tracking system to the transducer. Using 
this setup, the 3D position and orientation of the sensor are 
recorded with respect to the electromagnetic transmitter. The 
sampling rate of the trakSTAR tracking system was set to 750 Hz, 
which can enable improved measurement accuracy by averaging 
the position readings. The recorded spatial information can be 
accessed via the trakSTAR control unit. In this study, the recorded 
spatial information was transferred from the trakSTAR control unit 
to the computer workstation via a USB connection. The 2D 
ultrasound images, which were acquired during ultrasound 

 
Fig. 1.  The setup of our freehand 3D ultrasound imaging system. 
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imaging at a rate of 24 frames per second, were recorded in the 
form of a digital video. This video was manually transferred from 
the ultrasound machine to the computer workstation.  

B. Ultrasound volume reconstruction 

During freehand 3D ultrasound imaging, the ultrasound 
transducer is swept across a volume of interest to acquire a 
sequence of 2D ultrasound images. The corresponding 3D 
positions and orientation of the sensor attached to the transducer 
are recorded. The acquired ultrasound images and the recorded 
position information are processed in the reconstruction phase to 
synthesize a 3D ultrasound volume. 

As shown in Fig. 2, each acquired 2D ultrasound image has a 
logical location  (𝑖, 𝑗) . The acquired ultrasound images have a 
uniform size of 𝑁𝑖 ×  𝑁𝑗 pixels with a pixel spacing of                Px 

× Py mm2. Therefore, each 2D ultrasound image corresponds to a 
2D plane with a physical size of 𝐿𝑥 × 𝐿𝑦  mm2, where          𝐿𝑥 =
 𝑁𝑖 . 𝑃𝑥  and 𝐿𝑦 =  𝑁𝑗 . 𝑃𝑦 . The logical location (𝑖, 𝑗) of a given pixel 

in the ultrasound image corresponds to a 3D physical location of 
(𝑖. 𝑃𝑥 , 𝑗. 𝑃𝑦 , 0), where the 𝑧 dimension is set to 0. In the rest of the 

paper, the coordinate system of the ultrasound image plane is used 
to refer to the physical location of the ultrasound image. 

The four coordinate systems employed in the 3D ultrasound 
volume reconstruction are presented in Fig. 3. These coordinate 
systems are that of the ultrasound image plane (U), that of the 
electromagnetic sensor attached to the transducer (S), that of the 
electromagnetic transmitter (T), and that of the reconstructed 
ultrasound volume (V). The location of a pixel in the ultrasound 
image plane, 𝑃𝑈, can be transformed to a corresponding location 
in the coordinate system of the restructured ultrasound volume, 𝑃𝑉, 
as shown in equation (1):  

𝑃𝑉 = 𝑇𝑇
𝑉𝑇𝑆

𝑇𝑇𝑈
𝑆𝑃𝑈                          (1) 

where 𝑇𝑈
𝑆, 𝑇𝑆

𝑇 , and 𝑇𝑇
𝑉  are the transformation matrices from the 

coordinate system of ultrasound image plane U to that of the sensor 
S, the coordinate system of the sensor S to that of the transmitter 
T, and the coordinate system of the transmitter T to that of the 
reconstructed ultrasound volume V, respectively.   

The transformation matrix 𝑇𝑈
𝑆  is unknown and can be found 

using spatial calibration. Chen et al. [11] presented an automatic 
spatial calibration system for freehand 3D ultrasound using a 

 
Fig. 3.  Four coordinate systems are employed in the 3D ultrasound volume reconstruction process: the ultrasound image plane coordinate system (U), the 
electromagnetic sensor coordinate system (S), the electromagnetic transmitter coordinate system (T), and the reconstructed ultrasound volume coordinate 

system (V). 

 
Fig. 2.  A 2D ultrasound image with a size of 𝑁𝑖 × 𝑁𝑗 pixels and a logical 

coordinate system (𝑖, 𝑗). The image corresponds to a 2D plane with a 
physical size of 𝐿𝑥 × 𝐿𝑦 mm2, where 𝐿𝑥 =  𝑁𝑖 . 𝑃𝑥,  𝐿𝑦 =  𝑁𝑗 . 𝑃𝑦,  𝑃𝑥 is the 

pixel spacing along the i dimension and 𝑃𝑦 is the pixel spacing along the j 

dimension.  The logical location (𝑖, 𝑗) corresponds to a 3D physical 
location of (𝑖. 𝑃𝑥, 𝑗. 𝑃𝑦, 0). 
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double-N wire phantom. The system was originally developed for 
freehand 3D ultrasound using optical tracking. In this study, we 
have adapted this automatic calibration system to enable the 
calibration of freehand 3D ultrasound using electromagnetic 
tracking. The double-N wire phantom, which is employed in this 
study, is composed of an open-ended box with dimensions of   100 
mm × 40 mm × 34 mm. The phantom included upper and lower 
layers of N-wires separated by 10 mm. In each layer of N-wires, 
the distance between the two parallel wires was set to 25 mm. The 
calibration system was applied to compute the transformation 

matrix 𝑇𝑈
𝑆.  

The transformation matrix 𝑇𝑆
𝑇 , which represents the 

transformation between the sensor S and the transmitter T, is 
obtained from the 3D position readings of the sensor S. The 
transformation 𝑇𝑇

𝑉  is an alignment transformation that enables a 
customized representation of the reconstructed ultrasound volume. 

It is worth noting that the transformations 𝑇𝑈
𝑆  and 𝑇𝑇

𝑉  remain 
constant throughout the reconstruction process, while the 
transformation 𝑇𝑆

𝑇 changes with the motion of the transducer. 

The reconstruction algorithm employed in this paper is based 
on the pixel nearest neighbor (PNN) interpolation method. In this 
method, each pixel in the acquired ultrasound images is traversed 
to assign its gray-level value to the nearest voxel in the 
reconstructed 3D ultrasound volume [12]. The mapping of the 
pixel location in the ultrasound image plane to the coordinate 
system of the reconstructed ultrasound volume is achieved using 
equation (1). The contributions of multiple pixels to a single voxel 
are averaged.  

 

C. Ultrasound volume visualization 

 The synthesized ultrasound volume was stored in the legacy 
vtk file format that is supported by the Visualization Toolkit 
(VTK) open-source library [13]. The stored ultrasound volume 
was visualized using the ParaView open-source application [14] 
that supports interactive scientific visualization. 

 

III. EXPERIMENTAL RESULTS 

To evaluate the accuracy of the calibration process, in which 
the spatial transformation between ultrasound images’ coordinate 
system and the electromagnetic sensor’s coordinate system is 
computed, we have synthesized an ultrasound volume of the 
double-N wire calibration phantom. The synthesized ultrasound 
volume was registered to the calibration phantom by setting the 
coordinate system (V) of the ultrasound volume to match that of 
the phantom.  The fiducial registration error (FRE) [11,15] was 
calculated by computing the root-mean-square difference between 
the positions of the two N-wires in the ultrasound volume and the 
matching N-wires in the phantom. The FRE was on the order of 
sub-millimeter. 

The feasibility of our freehand 3D ultrasound system was 
demonstrated by imaging a double cross-wire phantom. The 
phantom is composed of two parallel layers, where each layer 
includes two intersecting wires. The spacing between the two 
layers is equal to 10 mm. The 3D ultrasound volume synthesized 
for the double cross-wire phantom is shown in  Fig. 4. The 3D 
ultrasound volume shows clearly the two layers of crossing wires.   

   

IV. DISCUSSION  

The freehand 3D ultrasound imaging system presented in this 
study is based on 3D tracking of the transducer position using an 
electromagnetic system. The experiments reported in the paper do 
not consider the effect of metal objects that might degrade the 
accuracy of electromagnetic tracking. Extended experiments and 
analysis are required to evaluate the effect of metal objects on the 
tracking accuracy. Another limitation in the presented system is 
the pixel nearest neighbor (PNN) interpolation method that is 
employed to reconstruct the ultrasound volume. This interpolation 
method might lead to empty voxels in the ultrasound volume due 
to the gaps between the acquired 2D ultrasound images. The effect 

 

 
Fig. 4.  A 3D ultrasound volume synthesized for a double cross-wire phantom. The phantom 

 is composed of two layers of crossing wires. 
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of this artifact has been minimized in the current study by slowly 
moving the transducer during ultrasound imaging to reduce the 
gaps between the acquired 2D images. Our future directions 
include extending the ultrasound volume reconstruction algorithm 
by adding a hole-filling phase in which the empty voxels are 
identify and filled.  

V. CONCLUSION 

In this paper, a freehand 3D ultrasound imaging system is 
presented to construct ultrasound volumes using electromagnetic 
tracking. The synthesized ultrasound volumes are visualized using 
the open-source VTK library and the ParaView application. The 
feasibility of the system has been demonstrated by synthesizing an 
ultrasound volume of a double cross-wire phantom. 
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