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Prostate displacement during transabdominal ultrasound
image-guided radiotherapy assessed by real-time four-dimensional
transperineal monitoring
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ABSTRACT

Background. Transabdominal ultrasound (TAUS) imaging is currently available for localizing the prostate in daily
image-guided radiotherapy (IGRT). The aim of this study was to determine the induced prostate displacement during
such TAUS imaging. The prostate displacement was monitored using a novel transperineal four-dimensional (4D) US
(TPUS) system.

Material and methods. Ten prostate cancer patients, with a mean age of 68 years (58/76), were US scanned in the
computed tomography (CT) room utilizing the Clarity 4D TPUS monitoring system. The patients were asked to comply
with a moderate bladder filling protocol. After US-CT fusion, the prostate volume was delineated and used as a refer-
ence for weekly US imaging in the treatment room. Immediately after treatment delivery the TPUS monitoring system
was set up. During real-time monitoring of the prostate, a conventional 2D probe was applied to simulate a TAUS scan.
The time dependent prostate displacements induced by the 2D probe pressure were recorded for the three orthogonal
directions. In total 42 monitoring curves with applied 2D probe were recorded.

Results. Data analysis of 42 US scans resulted in pressure induced prostate displacements with mean values (£ 1 SD)
(mm); inferior (+)-superior (I/S): (—0.1 =0.8); left (+)-right (L/R): (0.2 =0.7); and anterior (+)-posterior (A/P):
(—0.1 = 1.0). The majority of the displacements were within 1-2 mm. Only two scans (5%) (A/P direction) and 16%
of Euclidean distances were larger than 2.0 mm. The largest displacement was 2.6 mm in the anterior direction.
Conclusion. The novel 4D TPUS system was capable of tracking and recording the prostate positional displacements.
The study demonstrated that the prostate induced displacements due to applied TAUS IGRT are small, and in most cases
clinically irrelevant to prostate radiotherapy.

In external beam radiotherapy for the prostate cancer,
it is imperative to minimize damage to surrounding
healthy tissues while delivering a high dose to the pros-
tate. As the position of the prostate can vary substan-
tially between treatment fractions and possibly even
during treatment delivery [1-3], methods for precise
localization on the prostate are warranted. Different
kilovoltage (kV) and megavoltage (MV) image-guided
radiotherapy (IGRT) methods have been developed.
However, the kV and MV imaging modalities have
poor soft tissue visualization, therefore, in many clin-
ics, implanted fiducial markers (FM) in the prostate
utilized as a surrogate for the prostate localization [4].
However, implanting FMs are an invasive method and
not available in all clinics.

Ultrasound (US), a non-ionizing and non-inva-
sive imaging modality, has been introduced as an
alternative inexpensive IGRT method. Clinically,
two models of US-IGRT systems, intermodal US
(BAT system) and intramodal US (Clarity system)
have been introduced [5]. In intermodal US, the US
images from the treatment room are matched to
computed tomography (CT)-reference images,
whilst in intramodal US the US images are matched
to the US-reference images from the simulation
room. Both systems are based on transabdominal
US (TAUS) imaging, using a two-dimensional (2D)
US probe. Several studies have been conducted
comparing the US-based IGRT to the FM-based
IGRT [6-10].
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One of the disadvantages of TAUS imaging is the
inter-operator variability. For example, variations in
exerted probe pressure have been reported to have
an impact on prostate position in various studies.
One study was designed to investigate pressure
induced displacement of the prostate by US scanning
of a phantom mimicking a male pelvic area [11]. The
disadvantage of such tissue-equivalent phantoms is
that the static anatomical structures cannot represent
the uniqueness of a patient’s organs, in which daily
variations in bladder, rectal filling, and shape occur.
In another approach, volunteers were TAUS scanned
using a fixed 2D probe on a robotic arm [12]. The
probe was first placed above the pubis symphysis,
and moved vertically towards the prostate step by
step, acquiring images at each stage. One limitation
of this test is that the TAUS scan of the prostate
requires a sweep technique, as opposed to only a
vertical probe movement. Moreover, a recently pub-
lished work, based on TAUS scan of volunteers and
prostate patients, demonstrated that applied probe
pressure may cause up to 8 mm of prostate displace-
ment while applying “strong pressure” [13]. How-
ever, it was impossible in the study to observe any
prostate displacements while applying “soft pres-
sure” defined as the minimum pressure required for
acquiring sufficient image quality. Thus, a study to
simulate the daily in-room TAUS IGRT while record-
ing the induced prostate displacement is required,
and this was the motive for our study.

Currently, a system based on an automatic
mechanically sweeping US probe, the Clarity trans-
perineal US (TPUS) autoscan (Elekta, Stockholm,
Sweden), is being introduced into radiotherapy. The
system offers 4D real-time tracking of the prostate.

The aim of this study was to determine prostate
displacement, due to applied TAUS probe pressure,
by continuously 4D monitoring the prostate utilizing
the TPUS autoscan.

Material and methods
Patients

Ten prostate cancer patients, with a mean age of
68 years (the age range of 58-76), were scanned
weekly by two of six experienced radiation therapists
(RTTs), using the TPUS autoscan. The study was
approved by the ethical committee according to
“World medical association declaration of Helsinki”.
Every patient was verbally informed of the objective
of the study, and signed a printed statement of
informed consent before participation. Furthermore,
the patients were instructed to follow a moderate
bladder filling protocol, which involved not urinating
after leaving their home on their way to their daily
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radiation treatment. In this study, the US monitoring
images were used for research purposes only and not
applied clinically. One patient was excluded after
1 fraction owing to his unwillingness to participate
anymore. A total of 48 US scans were acquired, from
which six US scans were excluded due to inferior
image quality.

Clariry ultrasound (US) system

The Clarity US system consists of two mobile US
units: one located in the CT simulation room and
the second in the treatment room. The two units are
connected through a workstation. The workstation
was used for prostate delineation, as well as for
retrieving the prostate monitoring curves.

The US unit has a console screen, where anatom-
ical structures can be observed and image quality opti-
mized, using different brightness and contrast settings.
The unit also has a conventional convex 2D probe and
the novel autoscan probe for TAUS and TPUS
scanning, respectively (Supplementary Figure 1C, D,
available online at http://www.informahealthcare.com/
doi/abs/10.3109/0284186X.2015.1061208). Details
of the Clarity characteristics, 3D image reconstruc-
tions, and system calibration are described in another
paper [14]. In short, a ceiling-mounted infrared (IR)
camera can track the US probes by monitoring the
IR-reflectors attached to them. This is essential for
determining the geographical position of the recon-
structed anatomical structures.

CT-simulation, autoscan imaging and CT-US fusion

After the CT scan acquisition, the patient was pre-
pared for the US scan using vendor provided knee
cushions resting over the autoscan base (a kit to which
the autoscan probe was attached) (Supplementary
Figure 1A available online at http://www.informa
healthcare.com/doi/abs/10.3109/0284186X.2015.
1061208). The patient was instructed to remain still
during image acquisition. Afterwards, the CT-US
image fusion was performed and the prostate gland
delineated. Finally, the delineated prostate was
approved as a reference volume for subsequent weekly
US scans in the treatment room.

Image acquisition and prostate monitoring in the
treatment room

The patient was prepared for daily treatment using
FM-IGRT. Immediately after the treatment, the
patient was repositioned in preparation for autoscan
monitoring. The TAUS scan was simulated, using a
2D probe, while the prostate was continuously mon-
itored using the TPUS autoscan (Supplementary
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Figure 1E available online at http:/www.informa
healthcare.com/doi/abs/10.3109/0284186X.2015.
1061208). The autoscan, unique in its positioning in
relation to the patient’s perineal region, and hence
outside of the irradiated area, is designed to address
the intra-fractional prostate motion during radiation
delivery, which was not the aim of this study. During
the simulation, no US images were acquired with the
2D probe, i.e. the probe was used as a dummy. How-
ever, the trained RTT's were instructed to reproduce
the sweeping technique and associated applications
of pressure required to acquire adequate US image
quality. Furthermore, the RTTs were asked to avoid
observing the impact of the pressure on the console
screen. The prostate displacements due to the exerted
probe pressure were recorded for retrospective anal-
ysis. Supplementary Figure 1E shows an example of
prostate displacements in inferior-superior (I/S), left-
right (L/R), and anterior-posterior (A/P) directions
during the 2D probe simulation.

Data collection and statistical analysis

The recorded curves, showing the real-time prostate
center of mass (COM) position in all three direc-
tions, were retrieved from the Clarity server by one
observer (MB). For each curve the displacement as
function of time (t) was analyzed relative to a chosen
reference position at time tj,, a start time shortly
before the 2D probe was applied. The overall mean
[£1 standard deviation (SD)], maximum, and min-
imum of the prostate displacements (relative to the
prostate position at t,) were derived for the three
directions. Furthermore, the maximum Euclidean
distance [Max(D(t))] was computed as the length of
the vector between the position of the COM of the
prostate at t, the time where the prostate displace-
ment is largest, and t,,. The statistical program R was
used to analyze the data.

Results

All patients encompassed in this study were coop-
erative, and none of them expressed any discomfort
during the autoscan setup, or from the applied probe
pressure. Data analysis of 42 US scans resulted in
pressure induced prostate displacements with mean
values (£1 SD) of -0.1 mm (£ 0.8 mm), 0.2 mm
(£0.7 mm), and -0.1 mm (£ 1.0 mm) in I(+)/S,
L(+)/R, and A(+)/P directions, respectively. In addi-
tion, the mean of maximum Euclidean distance
[(D(t))>] was computed to be 1.3 mm (*+ 0.7 mm)
(Table I). Furthermore, the largest displacement was
calculated to be 2.6 mm in the anterior direction and
2.9 mm for D(t). Moreover, the majority of the dis-
placements were found to be within 1-2 mm, and

Table I. Mean, standard deviations (SD), max of prostate
displacement, and displacements larger than 0.5, 1.0, 2.0 mm in
all three directions, including Euclidean distance Max(D(t)).

Directions
I(+)/S? L(+)/R A(+)/P Max(D(1)°
Mean* SD —-0.1-0.8 0.2*+0.7 —-0.1x1.0 1.3x0.7
(mm)
Max (mm) 1.2/-1.8 1.6/—-1.1 2.6/—2.2 2.9
Displacement 49% 47% 58% 81%
>0.5 mm
Displacement 16% 14% 33% 60%
>1.0 mm
Displacement 0% 0% 5% 16%
>2.0 mm

2A/P, anterior-posterior; I/S, inferior-superior; I/R, left-right;
®Max(D(t)) maximum Euclidean distance.

only two scans (5%) (A/P direction) and 16% of
Max(D(t)) were larger than 2.0 mm.

The simulation time employing the TAUS probe
was from approximately 15 to 20 seconds (Supple-
mentary Figure 2A—C, available online at http://www.
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1061208). The largest dispersal was observed
to be in the A/P direction. It was also observed that,
after releasing the 2D probe, the prostate could be
permanently displaced. Moreover, the mean displace-
ment was shown to be within + 0.2 mm in all three
directions (Figure 1). Additionally, the mean lateral
displacement was about 0.2 mm to the left.

Individual boxplots of all nine patients demon-
strated some variations in prostate displacements
between them and even for individual patients
(Figure 2A-C). The first patient (ptl) showed the
largest day-to-day variations in A/P direction, which
can, first of all, be attributed to daily changes in the
patient and, second, to the inter-operator pressure
variability. Additionally, the boxplot of the overall
displacements revealed that the first and the third
quartiles were within = 1.0 mm in all three directions
(Figure 2D). Finally, the last boxplot in the figure
indicates that the median of the Euclidean distance
is about 1.3 mm.

Discussion

Transabdominal US-IGRT in prostate radiotherapy
poses some challenges concerning variations in
applied probe pressure, and US image interpretation.
This can lead to inter-operator variability, in particu-
lar among users with little or no US experience. The
American Association of Physicists in Medicine
(AAPM) emphasizes that US training is essential and
can be divided into “initial vendor-provided training
and continuous clinical training” [15]. Experienced
US users were reported to be more consistent in
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Prostate displacement: mean of 42 fractions in IS, LR and AP directions
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Figure 1. Prostate displacement; Monitoring graphs show the prostate displacement due to applied probe pressure (mean of 42 scans) in

I/S, L/R, and A/P directions.

image acquisition and better at identifying anatomical
structures, with less inter-operator variability [16].
This study was designed to determine the influence
of TAUS probe pressure on prostate location by utiliz-
ing continuous tracking of the prostate employing the
novel 4D TPUS autoscan. The accuracy of the prostate
monitoring algorithm was validated by Lachaine et al.
[17]. They utilized a robotic stage regulator on a US
phantom with certain motion patterns. They discov-
ered the mean and standard deviation of the differ-
ences between the measured and the regulator to be
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-0.0+0.2 mm, 0.2+ 0.4 mm, and —0.2 + 0.2 mm in
the I/S, I/R, and A/P directions, respectively. Another
comparison study between the TPUS autoscan system
and the Calypso system (Varian Medical Systems, Palo
Alto, CA, USA) was performed by Abramowitz et al.
[18]. The Calypso system utilizes transponders
implanted into the prostate for positional tracking.
Abramowitz et al. designed a motorized phantom com-
bined with a prostate-equivalent structure. They found
good agreement between the two systems in tracking
the embedded prostate-like sphere.

Prostate displacements per patient in L(+)/R direction
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Figure 2. Boxplots of the prostate displacements; (A—C) Boxplots of the prostate displacements for nine patients in I/S, I/R, and A/P
directions (D) Boxplot of overall prostate displacements in I/S, L/R, and A/P directions, including Euclidean distance. The horizontal band
indicates the median, the lower and the upper edges of the box explain the first (25th) and third (75th) quartiles. The lower and the upper
extremes of the whiskers, display the minimum and maximum values in absence of single data point outliers.
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In a study by Fargier-Voiron et al. [13], the impact
of probe pressure on prostate displacement was
investigated in 16 volunteers and eight patients. They
applied soft, moderate and strong TAUS probe pres-
sure to displace the prostate. The induced displace-
ment was then quantified by comparing the position
of the prostate under moderate and strong pressure
with the prostate position under soft pressure. Thus
only the difference between prostate position under
soft pressure and the prostate position under moder-
ate or strong pressure could be assessed. They
reported the mean and standard deviations of the
Euclidean prostate displacements of 2.5+ 1.2 mm
and 3.3 = 1.6 mm for moderate and strong pressure
(relative to soft pressure), which are greatly larger
than our Euclidean displacement of 1.3+ 0.7 mm.
Furthermore, Fargier-Voiron et al. measured the
maximum prostate displacement to 7.5 mm, using
strong pressure, in the inferior direction, compared
to our maximal displacement of only 2.6 mm in the
anterior direction. However, in our study the mea-
sured prostate displacement is between no probe
pressure (rest position) and soft probe pressure,
which reflects the clinical routine practice of TAUS-
IGRT. Another limitation of Fargier-Voiron et al.
study was that they only had one TAUS scan per
volunteer/patient. In our study we observed large
day-to-day variations in pressure displacements for
individual patients. In another study, Van der Meer
et al. [14] used TAUS probe pressure applied at four
levels; no, low, intermediate, and high. As in the
study by Fargier-Voiron et al., prostate displacement
was measured relative to the US scan applying the
least amount of pressure (level of “no pressure”).
Applying a low pressure, defined by them as 1 cm
skin displacement, sufficient to achieve good image
quality, yielded a mean prostate displacement of
0.0 mm, -0.5 mm, and -0.7 mm in I(+)/S, L(+)/R,
and A(+)/P directions, respectively. This is compa-
rable to our corresponding sub-millimeter results of
—0.1 mm, 0.2, and -0.1 mm. However, Van der Meer
et al. reported the average Euclidean distance for the
prostate displacement, for low pressure, to be about
3.0 mm, which is larger than our outcome of 1.3 mm.
Artignan et al. [12] performed a similar TAUS scan
study of volunteers, in which the probe was affixed
to a rigid arm, enabling it to move towards the pros-
tate in graded steps. As in the studies by Van der
Meer et al. and Fargier-Voiron et al., the reference
image was the US scan with the least amount of
pressure. Artignan et al. defined a skin displacement
of 1.2 cm, of the same magnitude as Van der Meer
et al., as sufficient for obtaining adequate US image
quality. This pressure resulted in a mean Euclidean
vector displacement of 3.1 mm. According to Artig-
nan et al., the displacement is not limited to one

direction as was also the case in our study, hence
displacements opposite to the direction of the probe
pressure were observed.

The result of mean lateral displacement of
0.2 mm (Figure 1) might be explained by the fact
that the probe simulation was applied from the right
hand side of the patient (Supplementary Figure 1B
available online at http://www.informahealthcare.
com/doi/abs/10.3109/0284186X.2015.1061208),
resulting in the probe being slightly tilted to the
right, and hence inducing partial lateral pressure to
the left rather than a strictly vertical pressure. Fur-
thermore, the maximal displacement was showed to
be 1.2 mm, 1.6 mm, and 2.6 mm in I/S, /R, and
A/P directions, which conforms to a study by Dobler
et al. [19] that resulted in corresponding measures
of 3.0 mm, 0.8 mm, and 2.8 mm. Dobler et al.
investigated displacement of eight iodine seeds,
inserted into the prostate during Brachy therapy.
The seeds’ positions were tracked by using real-time
x-ray simulation while applying TAUS probe imag-
ing using minimum probe pressure. They calculated
the absolute displacement of the seeds to be larger
than 2.0 mm in 7% of cases for all three directions
which was consistent with our obtained results of
0%, 0%, and 5% in I/S, L/R, and A/P directions. In
another study, Serago et al. [20] initiated a probe
simulated study (no US scans were performed but
a Styrofoam dummy was used) using two consecu-
tive CT scans of 16 prostate patients; one without
probe simulation and one with probe simulation.
They discovered that in nine of the patients there
was no measurable prostate movement, and the
remaining seven patients had “discernible” dis-
placements. In the patients with prostate displace-
ment, they calculated the average displacement to
be 3.1 mm.

Surprisingly, the prostate displacements from
our study were less than all previous reported dis-
placements in all directions, except for the results
obtained by Dobler et al. The reason might be that
Dobler et al. were using a similar method as in our
approach, i.e. observing the pressure displacements
in real-time and, importantly, not using a US scan
with minimal pressure as reference. Most of the
other studies were implementing either US/US
(Clarity system) or US/CT (BAT system) image
matching in order to measure the prostate COM
displacements. Van der Meer et al. [14] studied the
US/US matching procedure to determine intra-, and
inter-operator matching variability through investi-
gating 817 matches of a total of 376 US-scans. They
discovered the intra-operator/inter-operator vari-
ability (1 SD) to be 0.8 mm/1.8 mm (I/S),
0.7 mm/1.3 mm (L/R), and 1.0 mm/1.4 mm (A/P),
respectively. In another study, Langen et al. [21]



investigated US/CT matching and found inter-
operator variability, among eight observers, to be
larger than 2.0 mm (difference between any two
matches) in about 50% of the matches in all three
directions. The variability in US/US-, and US/CT-
matching might adversely affect the accuracy of the
measured prostate displacements, and consequently
generate larger values.

As with all such studies, there are limitations that
offer opportunities for further research. For exam-
ple, the monitoring algorithm was validated as fairly
precise in all cardinal directions, but the sub-
millimeter uncertainty, admittedly, corresponded to
approximately 10% of the magnitude of the prostate
displacements measured in this study. Another lim-
itation was that the TAUS simulations may not
reflect a real routine clinical practice, in which ana-
tomical structures can be visualized. We were unable
to simultaneously acquire TAUS images while TPUS
monitoring, using the same US unit, since another
Clarity system was required to do so. In our
approach, the operators followed specific instruc-
tions to simulate a TAUS scan with the amount of
pressure that they would normally use. However, it
was not possible to validate that the operators in fact
used enough probe pressure. Moreover, although a
gentle transperineal attach of the autoscan was car-
ried out with caution, a counter-effect of the probe’s
head might influence the position of the prostate,
and hence changing the magnitude and likewise the
direction of the prostate displacements during TAUS
simulation. In brief, further similar research, by
enrollment of a larger patient population and acquir-
ing larger number of real TAUS scans per patient,
are recommended to validate and to strengthen this
study.

In conclusion, the novel 4D autoscan US system
was able to track and record positional displacements
of the prostate. In this study we demonstrated that
the displacements of the prostate induced by the
applied TAUS IGRT were small, and in most cases

clinically irrelevant to prostate radiotherapy.
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