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Abstract
Background and Purpose: 3D ultrasonic measurement of carotid atherosclerotic lesions has emerged as an important
tool for research and patient management. We sought to evaluate the accuracy and the reliability of a new easy-to-use
magnetically tracked freehand 3D ultrasonic device with quick reconstruction time, allowing for anatomical orientation
“at a glance” for calibration and distance measurements, with unique usability as a combined tool for image acquisition,
registration and measurement within 3-D ultrasonic (US) volumes, which is furthermore connectable to every
conventional US-machine. To enable a complete evaluation of the whole system, three different key points had to be
addressed: the reproducibility of the calibration procedure, the absolute accuracy of the whole system and a direct
comparison to CT and MRI imaging modalities.
Materials and Methods: For validating our calibration method, a set of 6 calibrations was performed; each consisting of
6 records of a pyramid phantom taken from different positions and angles. To evaluate the accuracy of the whole
3D-ultrasound system, the point reconstruction accuracy and the distance accuracy were determined in a point phantom
made out of a single metal wire vertically attached to the bottom of a plastic tub filled with water. For distance
measurements, a precisely manufactured plastic tube phantom was scanned and the length between fixed landmarks on the
tube was measured. In a final step, 3D US records acquired with Curefab CS were compared to CT and MRI scans; for this
purpose all ultrasonic data was manually registered to the CT/MRI data.
Results: Concerning calibration precision the tested Curefab CS system performs state of the art compared to reviews of
recent freehand 3D-Ultrasound calibration methods. The point reconstruction measure for evaluation of system accuracy
retrieved a mean point accuracy of 1.52 mm in contrast to values ranging from 1.67 to 3.63 mm. Mean total error of
distance measurements was 0.9% with standard deviation 0.56% in our study, compared with values reaching from about
1% up to 2.3% in other studies on this subject. All quantitative measurement results are listed in a summarized form in
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Table 1. Besides quantitative evaluation, 3D-ultrasound records acquired with the Curefab CS system were also compared
to CT and MRI scans of patients (see Figure 3 and Figure 4). The alignment of both image modalities showed promising
results for future development of diagnostic tools using all image data.
Discussion and Conclusion: Our study demonstrates that 3D measurements with Curefab CS are feasible with
satisfactory reliability and accuracy. From the results gathered in our study we conclude that 3D-imaging with Curefab CS
might start off the possibility of accurate visualization, volume measurement, carotid plaque characterization and
identification of vulnerable plaques in the very near future.
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1 Introduction and background
Whereas up to now the detection of the severity of carotid atherosclerotic stenosis has been considered crucial for
establishing patient management pathways and selecting patients who might benefit from carotid endarterectomy instead
of drug intervention and lifestyle adaption only, other phenotypes than carotid artery stenosis developed by usage of
noninvasive imaging have evolved recently for recognizing patients at high risk for ischemic stroke [1]. Monitoring the
progression or regression of carotid plaques with three-dimensional ultrasound imaging by identifying vulnerable and
high-risk plaques prone to rupture has emerged as an important research tool for antiatherosclerotic treatment and patient
management [2]. Conventional ultrasound measurements, such as the 1-D measurement of the intima-media thickness and
the 2-D measurement of plaque surface, have proven useful for monitoring carotid atherosclerotic burden [3]. Conventional
2-D US has also been applied for relating plaque morphology and component parts with the risk of stroke [1], although the
results have not always been consistent. While some studies have reported a high precision for visualizing components
such as intraplaque hemorrhage [4, 5], others have found only moderate sensitivity and specificity [6].
Hence, while there seems to be general agreement that plaque morphology is equally as important as the degree of stenosis
in assessing stroke patients at risk, better US techniques will have to be developed for visualization and measurement.
Three-dimensional ultrasound seems to be the desired development which might provide the capability of improving the
visualization and quantification of complex anatomic structures by overcoming the following limitations of conventional
ultrasound, as described by Fenster et al. [3, 7] :
a)

As conventional US images are two-dimensional, a mental impression of the complex three-dimensional
anatomy has to be formed out of multiple 2-D images by the examiner, leading to variable or incorrect
assessment.

b) Conventional 2-D US images are difficult to reproduce and are therefore nonoptimal for prospective or follow-up
studies, particularly when referring to small changes over the course of time.
c)

Location and orientation of a conventional ultrasound image is sometimes limited by patient’s anatomical
conditions, resulting in inapproachability of the requested image plane.

Routine application of three-dimensional ultrasound is confined to usage in obstetrics (e.g., imaging of the fetus),
cardiology (e.g., imaging of the cardiac system) and image guidance (e.g., imaging of the prostate during an interventional
procedure) [8, 9]. Despite its usefulness for noninvasive plaque imaging of the carotid arteries, risk stratification and genetic
research [10, 11], evaluation of response to antiatherosclerotic and antihypertensive therapy [12,14] and evaluation of the
influence of suspected risk factors [15, 16], the modality of three-dimensional ultrasound has not yet been established as a
routine diagnostic tool on ultrasound machines. One possible explanation for this may be the fact that images of the carotid
arteries comprise a scanning length of at least 4 cm, so that real-time 3-D systems cannot be used satisfactorily [1]. Besides
these real-time 3-D probes, various other 3-D ultrasound systems have been presented recently. The different approaches
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can be subdivided into (i) mechanical scanning devices where a part of the ultrasound probe or the whole itself is moved [9],
(ii) freehand 3D ultrasound devices without the use of a tracking system, which make use of specific image parameters
such as speckle or echo intensities to register the series of 2D frames [17, 18] and (iii) freehand 3D ultrasound systems with
the use of a tracking system, which represents the most frequently used technique [19-23]. For pose (i.e., position and
orientation) information, any tracking system which provides the position and orientation of a sensor in 3D space can be
used. In practice, electromagnetic and optical tracking systems are used most frequently. For a detailed overview of all 3D
ultrasound approaches, the reader is referred to [8, 9, 22, 23]. A major drawback of almost all these recently proposed systems
is that current visualization tools often demand complicated user interfaces and special training for the diagnostician,
which is not feasible in clinical routine.
We therefore focus on evaluating the reliability of a new easy-to-use freehand three-dimensional ultrasonic device with
quick reconstruction time, allowing for rapid anatomical orientation, for prospective non-invasive monitoring of
atherosclerotic disease. To the best of our knowledge the device presented here offers the unique usability as a combined
tool for image acquisition and registration, as well as measurement as the following step within 3-D US volumes. Curefab
CS is a three-dimensional ultrasonic device which offers the following benefits: easy implementation in clinical diagnostic
routine, fast calculation and an integrated system for image acquisition and measurement connectable to any conventional
US-machine, which seems to make the aim of establishing 3D-US monitoring of atherosclerotic disease in daily routine
viable.

2 Materials and methods
This section describes the key components of the Curefab 3D ultrasound system, consisting of a high-performance
computing device, an electromagnetic (EM) tracking system and the ultrasound machine. Next, we provide a brief
description of the calibration procedure, before explaining the reconstruction of 3D volumes from a set of tracked US
image frames, and present our methods for the evaluation of the system as a whole. These metrics serve as the basis for the
results stated in the following sections.

2.1 3D Ultrasound system setup
Referring to the division into different approaches, the Curefab CS® is described as a freehand 3D ultrasound system with
added EM positional sensor information. The system is attached to an ultrasound device for acquiring US image
information, while the tracking systems provides pose information for the spatial correlation between the ultrasound
image frames. A schematic system layout is depicted in Figure 1.

Figure 1. Curefab system overview. Tracking sensors and Ultrasound device are connected to the Curefab system, which
enables recording and reconstruction of 3D volumes.
Published by Sciedu Press
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A high precision frame grabber is used to record the ultrasound image frames, and can be connected to any conventional
ultrasound device which has an external analog (VGA) or digital (DVI, HDMI, Display Port) video output.
In order to construct a 3D volume from the set of acquired ultrasound image frames, the position and orientation in 3D
space of each and every ultrasound image frame space has to be recorded. To accomplish this sensors are attached to the
ultrasound transducer, enabling the tracking of the probe position. For freehand 3D ultrasound systems, optical and EM
tracking systems are used most frequently. Although optical tracking provides a higher accuracy in absolute terms, EM
tracking is more suitable for ultrasound applications for a couple of reasons. First, optical tracking can become quite
awkward quickly since there must always be a clear line of sight between the markers on the ultrasound probe -- held in the
sonographer’s hand—and the cameras used to track them. EM tracking does not suffer from this problem since the
electromagnetic field used to track the sensors passes easily through the sonographer’s hand. As a result the EM tracking
sensors can be mounted directly ont the ultrasound probe, which is much more convenient for the clinician compared to
optical tracking, where at least three markers with as much distance as possible between them need to be mounted in such
a way that they hover firmly above the sonographer's hand. The Curefab system uses the 3D Guidance system “drive
BAY” (Ascension Technology Corp., Burlington, USA), which according to the specification sheet provides positional
accuracy of 1.4 mm root mean square (RMS) and rotational accuracy of 0.5° RMS. Two EM tracking sensors are mounted
on ultrasound probe to help compensate for the noise inherent in the tracking signal.
Next we discuss the calibration procedure in detail, which aims at finding the spatial transformation between the tracked
EM sensor and the ultrasound image frame.

2.2 System calibration
The system calibration consists of:
1) Calibrating the ultrasound probe;
2) Synchronizing the incoming 2D ultrasound images and the tracking data.
In order to calibrate the ultrasound probe, we need to determine the transformation from the sensor mounted on the probe
to the 2D image generated by the probe and displayed on the monitor of the ultrasound machine. The image origin and the
sensor can be considered as fixed points on a rigid body (the probe) thus the transformation between them is constant. In
order to determine this transformation we scan a specially designed phantom which also has a sensor firmly attached to it.
The tracking system delivers the transformation between the phantom and the probe sensor, while the image generated by
scanning the phantom is enough to determine the transformation from the phantom to the image origin (see Figure 2).

Figure 2. Diagram representing the transformations
(arrows) between all coordinate frames considered during
the calibration. The world coordinate frame is determined
by the electromagnetic field generator–or transmitter–
denoted by t. Each sensor has its own coordinate frame.
The sensor mounted on the probe is denoted by μ, the sensor
mounted on the pyramid phantom is denoted by π. The
origin of the pyramid phantom – its tip – is denoted by p,
while the origin of the ultrasound image plane is denoted by
m.
Although a single tracked image of the phantom is sufficient to calibrate the probe, we perform a series of 6 scans, each
approximately 10 seconds long, in order to compensate for errors introduced by noise in the tracking data, inaccuracies in
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the automatic segmentation of the phantom images, and the imprecise phantom images introduced by the ultrasound beam
width. The series of 6 scans are taken at different locations and orientations relative to the phantom in a symmetric manner
so that systematic errors in relative position and orientation will cancel out.
2.2.1 Description of the pyramid phantom
The phantom is a trirectangular tetrahedron frame, precision machined from aluminum and covered by a layer of nylon.
The edges of the pyramid emanating from the tip are mutually orthogonal and form the basis of a Cartesian coordinate
system whose origin is at the tip. A sensor is mounted on the phantom and the transformation from the sensor to the origin
of the pyramid coordinate system is determined by the same procedure used to calibrate the probe. When scanned with an
ultrasound probe, the nylon skin of the phantom appears as a triangle in the ultrasound image (see Figure 3).

Figure 3. 3D-Ultrasound data (center) manually co-registered with CT data (left) und MRI data (right). Notice the higher
resolution of Ultrasound and good visual alignment of circular structures
This triangle is then automatically segmented and from this segmentation it is possible to calculate the transformation from
the pyramid origin to the image origin.
The phantom is scanned from each of its 3 axes (the edges emanating from the tip) for both possible orientations of the
ultrasound probe. The greatest variation in the probe calibration comes from the alternate orientations of the probe, due to
nonzero beam width. The calibration data is filtered to exclude outliers caused by inaccuracies introduced by the data
acquisition process.
2.2.2 Time calibration
With most ultrasound machines there is a time offset (presumably constant) between the pose data delivered by the
tracking system and the image data delivered by the US device via the frame grabber. This is usually on the order of 0 - 200
ms. During the calibration process the phantom and the probe are held as still as possible to minimize these effects. Once
the calibration has been performed, we take a U-shaped scan of a tube-shaped phantom and manually adjust the time offset
until both halves of the tube phantom are aligned.

2.3 Image reconstruction and measurement
After the calibration of the entire system is performed, reliable pose information can be recorded together with each frame
acquired from the ultrasound device. For further calculations the system not only constructs the 3D volume, but also stores
all recorded 2D frames with acquired pose information on its storage device.
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For a 3D reconstruction of freehand ultrasound data, several methods have been recently presented [24], where the color
values of all voxels within the target volume are estimated by forward or backward interpolation. In terms of forward
interpolation, each ultrasound frame is inserted into the 3D volume sequentially, but this involves the risk of “unfilled”
holes within the 3D volume, since not all of the pixels from the 2D frame correspond perfectly to 3D voxels in the target
volume. In contrast to forward interpolation, backward interpolation uses the color information of the pixel with smallest
distance (or a weighted sum of multiple pixels in the neighborhood) to estimate a color value for each target voxel in the
3D volume. Consequently, after the interpolation process no holes are present in the volume. For a detailed description of
forward and backward interpolation, the reader is referred to [25].
The Curefab system employs a pairwise backward interpolation between subsequent 2D frames to reconstruct 3D
volumes. The method itself is comparable to the one proposed by Wein et al. [26], but instead of selecting all frames with
distances smaller than a given threshold to the target voxel, a pairwise interpolation of the volume lying between two
images enables a fast reconstruction via parallel processing of the frames on the GPU. Furthermore, by using
subsequential frames in time, the reconstruction can be started in parallel to the recording of the images, which provides
faster overall recording and reconstruction times.
The algorithm takes two consecutive images with their pose information and estimates the voxels of the target volume
which lie between the positions of the frames. For all resulting voxels, the corresponding color values are calculated as a
weighted combination of the current color value of the voxel, and the color value belonging to the nearest frame pixel of
the two frames. Regarding the distances between target voxel and input frames, a Gaussian window is used to increase the
weight of nearer pixels compared to ones with greater distances. This weighting approach was found to provide good and
accurate reconstruction results [24, 26], while the parallel processing provides fast overall reconstruction.

3 Results
To enable a complete evaluation of the whole system, we wanted to address three different key points: the reproducibility
of the calibration procedure, the absolute accuracy of the whole system and a direct comparison to CT and MRI imaging
modalities. By evaluating all points, an adequate accuracy and practical usability can be verified, while the precision of the
calibration is an indicator to the overall quality of the proposed calibration procedure.
For all results except comparison to MRI and CT, a Siemens Acuson S2000 ultrasound system with a 9L4 linear probe at
a depth setting of 4cm was used and connected to the Curefab CS 3D-ultrasound system. The probe frequency was fixed to
9 MHz, focus and other ultrasound image parameters were manually optimized to retrieve good overall image appearance.

3.1 Calibration precision
In order to validate our calibration method, we performed a set of 6 calibrations, each consisting of 6 records of our
pyramid phantom taken from different positions and angles. In order to be able to compare our method to the performance
of other groups we determined the precision of the calibration procedure following the “calibration reproducibility” means
used by Hsu et.al. [27]. The calibration reproducibility measure is defined as
∑

|

|

(1)

where
is the transformation from the ultrasound image plane coordinate frame m to the probe sensor coordinate
frame σ for the
calibration, is the source point of comparison in the image space (either the center or one of the four
corner points of the image plane in our case), is the average point of all reconstructed points in the sensor coordinate
frame and is the number of calibrations.
The results for the calibration precision measurements can be seen in Table 1.
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Table 1. Results of our validation measurements. Listed are from top down the calibration precision for center and corner
points, the point accuracy as well as the distance accuracy.
center
top left
top right
bottom left
bottom right

Mean
0.16 mm
0.23 mm
0.18 mm
0.24 mm
0.13 mm
1.52 mm
0.33 mm

Standard deviation
0.23 mm
0.34 mm
0.21 mm
0.23 mm
0.16 mm
0.46 mm
0.20 mm

3.2 System accuracy
To evaluate the accuracy of the whole 3D-Ultrasound system, the point reconstruction accuracy and the distance accuracy
were evaluated, which are methods to compare points or distances measured in 3D space by the system to the real points
and distances.
Regarding the point reconstruction accuracy, most other groups use a stylus to measure the “real” position in 3D space [27].
However, we argue that the use of a stylus is sub-optimal for this point retrieval since tracking in any form produces
constant error offsets. As a consequence, we defined the real 3D point
as the average of all measured 3D points by the
Curefab 3D-ultrasound system
∑

(2)

with equal to the number of measurements and
being the measured point for measurement . For an appropriate
quality of the reference point, it is of crucial importance to use records taken from a variety of different orientations to the
point phantom. Consequently, potential errors arising from calibration, tracking and other system components, will cancel
out. The overall point reconstruction accuracy is defined similar to Hsu, et al. [27] as the absolute difference between the 3D
compared to the real position
position of one measurement
|

|.

(3)

For our point phantom we attached a single metal wire (0.5 mm diameter) vertically to the bottom of a plastic tub filled
with water. The tip of the wire was used as target point and scanned from eight diagonal sides to the wire as well as 4 times
from the top. From these measurements, the mean point reconstruction accuracy was 1.52 mm, with standard deviation of
0.46 mm.
For distance measurements, a precisely manufactured plastic tube phantom was scanned and the length between fixed
landmarks on the tube was measured. As a constant translational scan only tracks the quality of the tracking systems [27],
different scanning paths were used, including tilt and rotation of the probe while scanning the phantom, as well as a
combined tilt diagonal to the tube phantom. The distance measure
was defined similar to the point accuracy as the
absolute difference between the real and the measured length. For ten records, the average length measured was 35.89 mm
with a standard deviation of 0.39 mm between the measurements. Compared to the real length of 36.0 mm, the average
was 0.33 mm with standard deviation 0.20 mm.
All quantitative measurement results, including calibration precision as well as point and distance accuracy are again listed
in a summarized form in Table 1.
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3.3 Comparison to CT and MRI
Besides a quantitative evaluation, 3D-Ultrasound records acquired with the Curefab CS system were also compared to CT
and MRI scans of patients receiving radiation therapy (see Figure 3) and also to CT data for follow-up investigation of
Endovascular Stent Repair of Abdominal Aneurysm (EVAR, see Figure 4). The 3D-Ultrasound data was manually
registered to the CT/MRI data for all images presented in this section. The alignment of both image modalities, especially
for the EVAR records, showed promising results for future development of diagnostic tools using all image data.

Figure 4. 3DUS and CT manually co-registered and overlaid for an EVAR follow-up investigation. The green
semi-transparent shape depicts the CT-data, the rest is 3DUS data

4 Discussion
As conventional 2D ultrasound imaging is stretched to its limits when used for monitoring progression or regression of
carotid atherosclerotic burden, we focused here on evaluating the reliability of a new freehand and easy to use
three-dimensional prospective non-invasive monitoring of carotid atherosclerotic plaques. For this purpose we performed
both calibration analysis and validation as well as distance measurements, and clearly demonstrated that distance
measurements with Curefab CS are feasible with satisfactory reliability and accuracy.
Our results are in line with findings of previous studies on the accuracy of distance measurements in ultrasonic phantoms
which also conclude that three-dimensional ultrasonic distance measurements are sufficiently accurate for clinical
application [28-31].
Compared to reviews of recent freehand 3D-Ultrasound calibration methods [21, 27], the tested Curefab CS system performs
state of the art. The point reconstruction measure retrieved a mean point accuracy of 1.52 mm in contrast to values ranging
from 1.67 to 3.63 mm [27]. Mean total error of distance measurements was 0.9% with standard deviation 0.56% in our
study, compared with values reaching from about 1% up to 2.3% in other studies on this subject [28, 30]. Given that
two-dimensional ultrasound has an error of less than 2% for distance measurements [28, 32, 33], we conclude that the distance
measurements obtained with Curefab CS are accurate and comparable to those obtained with conventional 2D US devices.
Furthermore, precise measurements of distances, which we have proven to be feasible with Curefab CS, are a necessary
condition for satisfactory application of planimetrics as the following step, which is currently the standard method for
manual measurement of carotid plaque volume. Acquisition of plaque volume for monitoring carotid atherosclerotic
burden therefore seems to be an achievable prospective aim with Curefab CS, and there are a multitude of previous studies
showing that volume measurements and morphological characterization of carotid plaques are highly promising for
non-invasive risk-stratification and genetic research [10, 11, 16, 34] as well as evaluation of a patient’s response to
therapy [12, 13].
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The calibration precision further confirmed the clinical applicability of Curefab CS. Since the calibration method produces
highly consistent results with image corner calibration precision values of 0.20 mm on average (values of 0.47 up to 2.75
mm for different methods in [27]), records can always be acquired on an equal level of accuracy with the system.
Potential shortcomings of the device presented here should not go unmentioned: First of all, it should be pointed out that
up to now, real-time acquisition and display of 3D volumes (often referred to as 4D ultrasound) is not possible with
Curefab CS. However, 3D-probes which are necessary to that end have to deal with the disadvantage of poor resolution
and capture of only small volumes, so that, in our opinion, they cannot be considered as an equal alternative. Second it
should be acknowledged that an optical tracking system instead of a magnetically tracked one would have allowed for
more accurate calibrations, but the electromagnetic technology used in our study is much more practical for daily use in
clinical routine.

5 Conclusion
In this evaluation paper, we showed the process workflow from the basic setup of the Curefab CS 3D-Ultrasound system to
an accurate 3D reconstruction of the Ultrasound data. The system produces highly accurate image data with a practical and
easy setup which delivers a novel level of usability. From the gathered results we draw the conclusion that 3D-imaging
with Curefab CS might start off the possibility of accurate visualization, volume measurement, carotid plaque
characterization and identification of vulnerable plaques any time soon.
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