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Abstract

Prostate cancer is the most common neoplasm among men in developed countries and lacks well-
established preventable risk factors. In case of suspicion, the standard technique used to diagnose
this pathology is the TRUS-guided biopsy. In the last two decades several improvements have
been introduced in this technique in order to improve its yield. Taking into account the currently
most researched adaptations, in this work is developed a hardware setup prepared for 3D TRUS
acquisition whose final objective is to be integrated in a biopsy directed robotized system guided by
MRI/3D TRUS data fusion. The setup comprises an ultrasound acquisition tool that consists of a
3D integrated transducer and its manipulation hardware, a lightweight robot that holds and moves
the transducer and a host computer that commands the acquisition remotely. Due to the lack of
information on 3D integrated transducers, it is performed a complete analysis to the manipulation
software used, Propello SDK. Once the setup is operational, the host acquires kinematic data from
the lightweight robot and ultrasound images from the transducer synchronously at a frequency
of 14.476Hz. Evaluation trials with a prostate phantom are performed to test the performance
of the acquisition system in correlating robot movements to geometrical transformations in 3D
TRUS image data sets. The overall results are coherent, making this setup a solid basis for further
development of the biopsy robotized system.

Keywords: 3D TRUS, Prostate biopsies, Manipulation of 3D Integrated Transducers, Manip-
ulation of Lightweight Robots, Synchronous Data Acquisition.

1 Introduction
Prostate cancer (PCa) is the most commonly

diagnosed cancer in males of developed countries
and it is estimated that in 2014 it will repre-
sent 27% of new cancer cases and lead to 10%
of cancer deaths [1]. The only well-established
risk factors for this disease are increased age, eth-
nicity and heredity [2]. Since none of them is
preventable and ageing tends to increase in de-
veloped countries, PCa represents a major health

concern and requires improvement in its early di-
agnosis.

Currently, the main PCa diagnosis methods
are Digital Rectal Exam (DRE), serum concen-
tration of PSA test and TRUS-guided biopsy.
Normally, if the first two exams raise suspicion,
the third is used to acquire histopathological con-
firmation for a final diagnosis [3].

In this procedure prostate tissue samples are
acquired using a biopsy needle coupled to an US
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probe that collects real-time TRUS images. The
needle is aligned with the probe imaging plane
allowing the visualization of its trajectory and
placement. Since there is uncertainty in charac-
terizing prostate malignancies in the TRUS, the
standard biopsy technique follows a systematic
randomized sampling based in anatomical land-
marks [4]. Even though this approach has been
refined in terms of biopsy core amount and site
location, its diagnostic yield still shows a false
negative rate up to 47% since it is never guaran-
teed that a lesion is being sampled [5].

This limitation in the systematic biopsy has
led to the introduction of approaches based in
MRI, an imaging modality whose contrasts can
characterize clearly cancer lesions anatomically
and functionally. Among them, the one that
presents itself as the most cost-effective solution
is the software based MRI/TRUS data fusion
guided biopsy. In this technique the acquired
real time TRUS images are registered in a preop-
erative MRI data set to aid in targeting. Since
the MRI images possess clear information about
the suspicious lesion position, this image fusion
estimates and displays where will this target be
located in TRUS [6].

Another improvement considered in the
TRUS-guided biopsy is the use of 3D TRUS. In
this modality, sets of 2D TRUS images are as-
sembled to display 3D volumes for needle guid-
ance [7]. The reconstruction of such volumes
requires not only 2D images but also the po-
sition from which they are acquired. For this
reason 3D TRUS acquisition can be performed
by moving a conventional 2D US probe that is
constantly tracked or a 3D integrated one that
remains static while internal motorized mecha-
nisms move its transducer array. Although these
3D integrated transducers offer several advan-
tages as they do not need to be moved, they need
specialized hardware for their manipulation [8].

Regardless the imaging modality for guid-
ance, accuracy in needle positioning is compro-
mised by the mental effort that the procedure
demands from the physician: while one hand en-

gages the biopsy needle and the other both holds
and moves the probe, feedback is only obtained
from displayed TRUS images that may be hard
to interpret [9]. Robotic devices are a recent
trend used for image guided interventions that
can overcome this accuracy problem due to their
highly controlled motion: not only the probe can
be held in a static position but also the needle
insertion is much more precise [10].

Taking into account these developments,
three main devices approved by the FDA that
perform MRI/TRUS data fusion guided biop-
sies can be highlighted due to their documented
clinical experience: the Uronav system (Philips-
Invivo, Gainesville, Florida) in which a conven-
tional TRUS probe is tracked by magnetic gener-
ators; the Urostation device (Koelis, La Tronche,
France) which uses a 3D integrated transducer
for 3D TRUS; the Artemis device (Eigen, Grass
Valley, California) that holds and moves a con-
ventional probe with a robotic arm [5]. Clinical
trials with these devices point to an overall su-
periority of MRI/TRUS data fusion towards con-
ventional biopsy. Using Uronav, Vourganti et al
[11] obtained 37% of PCa detection rate in pa-
tients with prior negative biopsy and Rastinehad
et al [12] found an increase of 12.4% relative to
systematic biopsies with 86.7% of significant find-
ings. Sonn et al [13] obtained a detection rate
of 34% with 72% of significant cancers using the
Artemis while Fiard et al [14] achieved 55% with
91% significant using the Urostation system.

In this work is implemented a hardware setup
capable of 3D TRUS acquisition whose purpose
is to be integrated in a prostate biopsy directed
robotized system that takes advantage of a 3D
integrated transducer to collect 3D TRUS vol-
umes, a robotic arm to track and move the trans-
ducer and a MRI/3D TRUS data fusion software
to guide the robot movement. The role of this
setup is to acquire synchronously 3D TRUS im-
age data sets and robot kinematic data for sub-
sequent accurate volume reconstruction.
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2 Materials and Methods
2.1 System Overview

The developed setup can be separated in
three main subsystems: the US acquisition tool
composed by the 4D endocavital end-fire trans-
ducer 4DEC9-5/10 and its manipulation hard-
ware and software, the SonixTABLET and Pro-
pello SDK 6.1.0 beta version; the robotic arm
KUKA Lightweight Robot (LWR) that holds the
transducer in its end-effector and its remote ma-
nipulator, a computer with the Fast Research In-
terface (FRI); a host computer with MATLAB
R2011b that receives synchronous data from the
previous two through TCP/IP and integrates it
to be used in a registration algorithm developed
in [15].

Figure 1: Simplistic description over the control
scheme of the prostate biopsy directed robotized sys-
tem: the gray arrows between the three main sub-
systems depict TCP/IP communications; the dashed
arrow depicts the allocation of the transducer in a
prostate phantom; Ri and ti represent the rotation
matrix and translation vector of the robot end-effector
respectively; k is the number of images acquired per
3D TRUS volume. The 3D TRUS acquisition system
is marked by the dashed line area.

From a control perspective, the acquisition
implementation acquires in each cycle step a set
of k images with a set of angular positions θk as-
sociated and the robot end-effector position data

(Ri, ti). With this data, the intended robotized
system can reconstruct a 3D TRUS volume and
register it in a preoperative MRI, enabling the
localization of the target lesion. With such infor-
mation, the robot can commanded to new posi-
tions (Ri + 1, ti + 1) successively until the biopsy
needle attached to the probe is aligned with the
target.

The images acquired are associated to angu-
lar positions since the 4DEC9-5/10 is a probe
that has a wobbler mechanism: its transducer
array is swept back and forth around a rotation
center producing a "fan-like" set of images with
an inclination each.

Figure 2: 4DEC9-5/10 wobbler mechanism.

2.2 Propello Implementations

The tool used in SonixTABLET for US ac-
quisition was the Propello SDK, a software de-
signed to manipulate 3D integrated transducers
by communicating with their wobbling mecha-
nism while US images are acquired. To develop
acquisition routines that both synchronize wob-
bler angles with images and have low time ex-
pense, source C++ codes of Propello were accessed
and its operation modes studied. They are two:
automatic and manual.

2.2.1 Automatic mode imaging

Automatic mode is the default imaging mode
of Propello and consists in cyclically sweeping
back and forth the 1D transducer as in figure
3. This sweeping is composed by a set of dis-
crete transitions (red arrows) in which images
are acquired. Three adjustable parameters rule
it: Deg/Frame, the amplitude transition hence
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angular resolution; FOV, the maximum angular
amplitude covered hence imaging field of view;
Frames/Volume, the number of transitions hence
images acquired per sweep.

Figure 3: Mechanical wobbling routine during au-
tomatic mode imaging of Propello: (θ) depicts the
angular resolution parameter; the set of grey dashed
lines depicts the set of angular positions at which the
transducer is placed; the red arrows depict the dis-
crete stepping and image capturing of the procedure.
The direction of the latter changes according to the
direction of the sweep.

The values of these parameters are related by
equation 1.

FOV

Degrees/Frame
= Frames/V olume (1)

Although this mode excels in low-time ex-
pense, it lacks flexibility in terms of wobbler po-
sition control since there is no feedback about the
angles at which each image was acquired and the
sweeping follows a strict unchangeable routine.
Furthermore, the source codes of the C++ layer
function that activates this process, portaRunIm-
age(), are not accessible.

2.2.2 Manual mode imaging

Manual mode imaging differs greatly from au-
tomatic as it allows the user to step the wobbler
manually while keeping track on its current posi-
tion. With this mode, it is possible to acquire
images from all the possible discrete positions
in which the motor can be placed. In C++ envi-
ronment the motor stepping is achieved with the
function portaStepMotor(step,movdir) where step

defines the angular amplitude of the movement
and movdir its direction. Although the possible
step values are limited, this stepping gives flexi-
bility to the acquisition since personalized imag-
ing fields of view can be created as long as the me-
chanical stops of the wobbler are not surpassed.
Conclusions on this mechanical range were ob-
tained with experimental testing.

Figure 4: Mechanical range description scheme of
the 4DEC9-5/10 wobbler. The red dashed lines de-
pict the mechanical stops of the wobbler and θ1 and
θ2 their offset angles relative to the base of the trans-
ducer. The green arrow is the total mechanical range
of movement. The purple lines and dotted purple arc
represent the field of view of automatic mode imaging.

In this mode the angular values are measured
relative to the first mechanical stop that is es-
tablished as the reference 0◦. Such notation is
necessary since θ1 and θ2 of figure 4 can not be
calculated with precision.

2.2.3 Volume acquisition routines

Volume acquisition routines were imple-
mented in order to have the host computer com-
manding remotely Propello to acquire images
with their respective positions and send them
back. Such remote communication was achieved
by sending specific strings from MATLAB in
the host to Propello in the SonixTABLET via
TCP/IP sockets. A set of strings were associated
to specific Propello C++ events.

Two routines were implemented, one based
in manual mode and other based in the external
triggers feature of Propello. In the first routine,
images are cyclically acquired by sending a string
that both commands Propello to move the wob-
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bler and acquire an image in the resulting angu-
lar position. Computationally, this requires Pro-
pello to use portaStepMotor() and portaRunIm-
age(). The latter is used since it represents the
only function that performs image acquisition in
the software. Furthermore, its associated motor
movement can be blocked, enabling acquisition in
a static angle. Still, when the motor is stepped
its activity ceases, leading to the need for a reini-
tialization of portaRunImage() in every single im-
age. Since this reinitialization has a time cost of
50ms, the manual imaging routine presents very
low acquisition frequencies despite its wobbling
flexibility.

For the second routine a trigger based image
acquisition was used. With this feature, each im-
age can be acquired by sending an electrical trig-
ger impulse to SonixTABLET through specific
BNC connectors [16]. To generate the pulses, a
acquisition board NI USB-6008 was connected to
the host computer and controlled via MATLAB
Session Based Interface [17]. In this trigger based
mode, whenever Propello receives an impulse a
single image is acquired the same way as in au-
tomatic mode: by performing a transition be-
tween angles. Indeed, this movement is the uni-
tary operation of automatic mode that is ruled
by the parameters from equation 1. Therefore,
the routine consisted in sending pulses through
the NI USB-6008 and retrieving acquired images
through TCP/IP. Although there is no feedback
about the wobbler angles, they can be predicted
by knowing the amount of pulses sent and the
imaging parameters used. Despite lacking the
wobbling flexibility offered by the manual ap-
proach, this routine may present a much lower
time expense.

2.3 KUKA LWR Implementations

To insert the KUKA LWR in the acquisition
setup, the 4DEC9-5/10 transducer was mechan-
ically coupled to its end-effector and a commu-
nication between its manipulation hardware and
the host computer established.

2.3.1 FRI-MATLAB Communication

In order to manipulate the KUKA LWR, the
Fast Research Interface (FRI) was used. This in-
terface allows a user the communication between
a remote computer and the KUKA Robot Con-
troller (KRC), the hardware that communicates
directly with the robot. The connection is UDP
and allows the remote host to access the KRC
variables at a rate of 500Hz.

Figure 5: KUKA LWR control architecture: the
red blocks are KUKA system components; the white
block is the FRI host computer. Simplified diagram
based in [18].

The FRI communication is used in a C++ pro-
gram that was developed to interact with KUKA
LWR. Since it is intended the synchronous ac-
quisition of the robot position data with the
acquired ultrasound volumes, a connection be-
tween this FRI host and the acquisition system
host with MATLAB was implemented. This con-
nection comprises two components, trigger im-
pulses for data requesting and TCP/IP for data
retrieval. Since the images are acquired when-
ever a trigger is sent by the NI USB-6008, syn-
chronism was achieved by using this same trig-
ger to measure the robot end-effector position.
For this purpose, a new NI USB-6008 board was
connected to the FRI host computer and a code
routine for trigger detection was developed in its
C++ program. This way, when a trigger is sent
by the system host, the new board receives it,
the FRI program reads it and finally the position
measurement is performed with CHAI3D specific
functions [19].
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Figure 6: Data acquisition boards insertion in the
3D TRUS acquisition system.

After requesting and measuring robot posi-
tion data, TCP/IP sockets are used to send it
back to the host.

2.3.2 Mechanical coupling

To couple mechanically the probe to the
KUKA LWR a coupler piece was designed in
CAD and a tool calibration process was per-
formed. The function of the piece was to sim-
ply connect the probe to the robot end-effector.
The calibration is a procedure through which the
end-effector of the robot is updated to a reference
point of a tool attached to it. In this case, the
tool was the probe plus coupler set and the ref-
erence point the center of wobbling.

Figure 7: Mechanical coupling between KUKA LWR
and 4DEC9-5/10 transducer: (xb, yb, zb) is the robot
base frame of reference; (xe, ye, ze) is the end-effector
frame of reference; (xp, yp, zp) is the probe frame of
reference.

The procedure was executed with two meth-
ods: XYZ 4-Point to determine the cartesian po-
sition of the point; ABC 2-Point method to de-
termine the orientation of the tool hence local
frame of reference [20]. The resulting maximum
error was 1.8mm. With the robot calibrated, po-
sition data measurement concerns the local frame
of reference of the probe (xp, yp, zp).

2.4 Registration software implications

The registration software of [15] relies on an
ASM semi-automatic segmentation to convert a
set of 2D images to a 3D TRUS prostate surface.
For this type of segmentation, prior knowledge
about the prostate shape supplied by a training
set of real data must be used. Since the segmen-
tation is performed slicewise, this prior informa-
tion must consider the prostate as a set of 2D
contours and not a 3D surface. The geometrical
definition of this prostate parametrization in 2D
contours is directly related to the geometry of the
acquired images: for example, if axial images of
the prostate obtained with a side-fire probe are
to be segmented, the priors should consider axial
contours of the prostate.

In the case of the 4DEC9-5/10 acquisition
geometry this prostate parametrization is quite
complex since the wobbler generates a set of
oblique imaging planes with equal angular spac-
ing that intersect in the wobbling center.

Figure 8: Graphical representation of the prostate
slice geometry acquired by the 4DEC9-5/10 trans-
ducer. CM is the coordinate of the prostate center
of mass in the local frame of reference of the probe.

In figure 8 it is possible to conclude that the
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shape parametrization of the prostate depends
on the position of its center of mass relative
to the probe frame of reference. This poses a
considerable problem to the segmentation algo-
rithm: if during the biopsy the probe position
is changed, the prostate shape parametrization
may also change compromising the validity of the
prior information used.

For this reason, a probe orientation adjust-
ment strategy which aims to minimize the loss of
an initial shape parametrization was developed
and implemented. In this strategy the probe
wobbling center hence tool reference point of the
robot can only be moved in 2 DOF of six pos-
sible: the rotations around the yp and zp axis.
This is explained by the fact that in ideal con-
ditions: if the wobbling center is rotated around
yp the imaging planes alignment is maintained
and their intersections with the prostate does not
change; if it is rotated around zp with an ampli-
tude around a multiple of the angular spacing,
the intersection contours do not change but are
sampled in different imaging planes than before.

To implement these movements, a routine
based in keyboard keys commands was imple-
mented in the FRI C++ program. Four keys were
used, two for each possible sign of each of the two
rotations Ry and Rz.

Figure 9: List of keyboard controls and respective
output rotations in the probe reference tool point: the
two commands at the top are relative to Ry rotations;
the two at the bottom are relative to Rz.

The list of keys is defined in figure 9. The
rotation amplitudes are the product between a
constant c input by the user and a predefined
resolution: for the case of θy this value was near
the angular resolution of the wobbling used in
further experimentation, 1.4634◦.

When one of assigned keys is pressed, the
robot performs the respective rotation in Carte-
sian Impedance Control using functions from the
Reflexxes Motion libraries [19].

3 Evaluation Trials and Results
After having the setup ready for synchronous

acquisition, two sets of evaluation trials were per-
formed: the first to compare the time-expense of
the two volume acquisition routines developed;
the second to analyze how the system correlates
probe rotations to geometrical transformations in
3D TRUS image data sets.

3.1 Propello routines evaluation

To analyze the performance of the two rou-
tines, a single volume with 51 frames was ac-
quired five times with each of them and the spent
time measured. From these time results a mean
frequency was obtained.

Table 1: Mean image acquisition frequency of trig-
gered and manual routines during coverage of a vol-
ume with 51 images.

Trials Frequency (Hz)Trials Manual Triggered
1 4.5510 14.9114
2 4.4766 14.7373
3 4.5259 14.4320
4 4.4451 14.5594
5 4.5208 14.7400

Mean 4.5039 14.6760

The results confirm the significantly lower time
complexity of triggered acquisition: its mean ac-
quisition frequency is above the triple of the
one obtained by the manual approach (14.6760

4.5039 =
3.259). Since time-expense is of utmost impor-
tance to a real time application, the triggered
was the one used in subsequent evaluations.
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3.2 Volume covering trials

The volume covering trials consisted on the
ultrasound volumes acquisition of a prostate
phantom using different controlled robot posi-
tions. Photographs of the experimental setup
which include the KUKA LWR, the 4DEC9-
5/10 probe, the SonixTABLET and the prostate
phantom are shown in figure 10. The volumes
were acquired with the following imaging param-
eters: Deg/Frame=1.4634◦; Frames/Volume=51;
FOV=74.6339◦.

Figure 10: Experimental setup of the 3D TRUS ac-
quisition system. In the left image is presented a view
over the overall system with probe, robot, prostate
phantom and SonixTABLET. In the top right image
is shown the prostate phantom. In the bottom right
image is shown a zoomed view of the insertion of the
transducer in the phantom.

Before proceeding to the trials a reference
volume was acquired in a reference probe posi-
tion hence robot configuration. Hypothetically,
the parametrization of this volume would be the
one in which the ASM segmentation priors would
rely. After establishing the reference four acquisi-
tion trials were performed: one for each possible
movement allowed by the keyboard commands
implemented. In table 2 are shown the planned
movements in each trial and the respective mea-
sured variation (δt, δR) relative to the reference.

The correlation between image data set ge-
ometrical transformation and probe movement
was verified with a slice matching process: after
observing a set of 3 consecutive reference images
and their prostate phantom slices, it was done a

search within each volume for the image sequence
whose slices best matched them. This approach
was considered valid since the robot position just
varied considerably in the DOF that should pre-
serve the reference parametrization (Ry and Rz).

(a)

(b)

(c)

(d)

Figure 11: Slice matching for the 4 trials. (a) is rel-
ative to trial 1. (b) is relative to trial 2. (c) is relative
to trial 3. (d) is relative to trial 4.
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Table 2: Probe orientation adjustment data for each experimental trial; the columns of Planned refer to the
input movement; the columns of Real Measured Data refer to the position data that was measured after.

Trials Planned Real Measured DataTrials Key c Angle (◦) δtx(m) δty (m) δtz(m) δRx(◦) δRy(◦) δRz(◦)
1 ’4’ 4 −6.0 0 0.0010 −0.0020 0.9506 0.6207 −4.6409
2 ’6’ 4 6.0 0 0.0010 0 −0.1935 −0.7341 4.8240
3 ’8’ 5 5.0 −0.0010 0 0 0.6620 3.751 0.7521
4 ’2’ 15 −15 −0.0010 0 0 0.5836 −13.3897 −4.6985

These results agree with the slice preserva-
tion prediction. In the first two trials, rotations
Rz were obtained and the match occurs in slices
with different inclinations: the contours were pre-
served but imaged by different planes. As for the
other two, rotations Ry were obtained: the con-
tours are approximately preserved but their cen-
ter of mass rotates around the wobbling center.
In the last trial the match was verified in dif-
ferent slices since a considerable rotation in Rz

was also obtained. The amplitude of the imaging
plane switching did not match the obtained ro-
tations Rz, a fact that may be associated to the
calibration error of the wobbling center point.

4 Conclusions
The main objective of the work was fulfilled:

acquisition of 2D image data sets synchronized
with robot kinematic data. The acquisition fre-
quency of the system was around 14.476Hz: ob-
taining a higher value seems challenging has the
trigger and TCP/IP communications can not be
accelerated. The system correlates well probe
movements to image geometrical transformation:
rotations Rz displace the contour imaging planes;
rotations Ry rotate the contour center of mass
within each image.

In the future, several steps should be taken
to integrate this system in the robotized biopsy:
adaptation of the registration algorithm; calibra-
tion of the robot and probe in ultrasound space;
implementation of a robotic targeting algorithm.
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