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Objective: Ultrasound provides good image quality,
fast volumetric imaging and is established for abdom-
inal image guidance. Robotic transducer placement
may facilitate intrafractional motion compensation in
radiation therapy. We consider integration with the
CyberKnife and study whether the kinematic redun-
dancy of a seven-degrees-of-freedom robot allows for
acceptable plan quality for prostate treatments.

Methods: Reference treatment plans were generated
for 10 prostate cancer cases previously treated with
the CyberKnife. Considering transducer and prostate
motion by different safety margins, 10 different robot
poses, and 3 different elbow configurations, we
removed all beams colliding with robot or transducer.
For each combination, plans were generated using
the same strict dose constraints and the objective
to maximize the target coverage. Additionally, plans
for the union of all unblocked beams were generated.

INTRODUCTION

Image guidance and motion compensation play a vital
role in stereotactic body radiation therapy (SBRT), where
a focused dose distribution is typically delivered in a
hypo-fractionated or single-fraction scheme. Convention-
ally, any uncertainty with respect to the organ motion is
included in the margins leading to planning target volume
(PTV) and internal target volume (ITV). However, larger
margins may cause additional dose to critical structures in
the proximity of the target. Hence, the key idea of motion
compensation is to reduce the uncertainty by tracking the
actual organ motion during treatment and to adjust the
treatment beams accordingly. While motion compensation
approaches using multileaf collimators (MLC)," the treat-
ment couch,® or the VERO system (VERO GmbH, Feld-
kirchen, Germany)* have been reported, the first device

Results: In 9 cases the planning target coverage with
the ultrasound robot was within 1.1 percentage points of
the reference coverage. It was 1.7 percentage points for
one large prostate. For one preferable robot position,
kinematic redundancy decreased the average number of
blocked beam directions from 23.1 to 14.5.

Conclusion: The impact of beam blocking can largely
be offset by treatment planning and using a kinemati-
cally redundant robot. Plan quality can be maintained
by carefully choosing the ultrasound robot position and
pose. For smaller planning target volumes the differ-
ence in coverage is negligible for safety margins of up
to 35mm.

Advances in knowledge: Integrating a robot for online
intrafractional image guidance based on ultrasound
can be realized while maintaining acceptable plan
quality for prostate cancer treatments with the
CyberKnife.

implementing active motion compensation in the clinic
was the robotic CyberKnife (Accuray Inc., Sunnyvale,
CA).” The CyberKnife remains the only system for which
active intrafraction motion compensation is routinely and
widely used in clinics today.

To realize motion compensation, the target position needs
to be tracked throughout the treatment. A widely used
approach is based on artificial landmarks, e.g. gold fidu-
cials localized with X-ray imaging or active transpon-
ders.%” However, the invasive placement of the fiducials,
potential fiducial migration and the additional imaging
dose for X-ray imaging have motivated the develop-
ment of alternative methods. One promising direction
is integrating MRI with treatment devices®'* to facili-
tate non-ionizing image guidance during beam delivery.
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Another modality is ultrasound, which has been used in radia-
tion therapy setup and contouring.'' > However, only recently
ultrasound systems allowing for fast, volumetric imaging have
been introduced and considered for motion tracking.'*~'¢
Recently, ultrasound-guided MLC-based motion compensation
has been proposed.'”'8

Continuous intrafractional ultrasound image guidance requires
integrating the ultrasound device with a treatment system.
Particularly, it is important to carefully position the ultrasound
transducer throughout treatment to acquire high quality images
of the target region. Clearly, transducer placement during radi-
ation therapy needs to be automated. Hence, approaches for
robotic ultrasound placement have been proposed.'®*" Inte-
grating a robot carrying the ultrasound probe poses additional
challenges with respect to patient safety, collision avoidance and
obstruction of beams. Considering the potential impact of the
latter is of critical importance as blocking of beams directions
may result in a degraded plan quality and therefore counteract
the key idea of motion compensation.

An interesting approach to minimize the blocking of beams is
the design of specific, X-ray translucent systems.”! While this
would potentially allow for a straightforward integration with
the treatment device, perfect translucency seems challenging.
Another alternative is to consider an off-the-shelf robot with
kinematic redundancy. For example, the LBR (KUKA, Augs-
burg, Germany) is a seven degrees of freedom articulated arm
available in a medical version. Its kinematic redundancy results
in an increased dexterous workspace, i.e. the robot is capable of
performing more changes in orientation of the ultrasound trans-
ducer on a larger number of poses than comparable systems.**
Moreover, the robot can realize different configurations of its
elbow without changing the pose of the ultrasound transducer.®
Hence, the robot can move to avoid blocking the treatment
beams.

A previous study considered the effect that an ultrasound robot
added into the workspace of the CyberKnife has on the achiev-
able plan quality for prostate SBRT.** We extend the analysis to
a larger set of patient cases and the ultrasound robot using its
kinematic redundancy to minimize the blocking of beams.

METHODS AND MATERIALS

Robotic ultrasound guidance setup

Our experimental setup consists of a seven-jointed industrial
robot (LBR iiwa, KUKA, Augsburg, Germany) carrying a 2D
array ultrasound transducer connected to an ultrasound system
(4V probe/Vivid E95, GE Healthcare, Horten, Norway). The
robot is capable of precise and reliable detection of even very
small forces and torques, not only applied to the effector but
also to any point of the robot. This will be useful to ensure the
patient’s safety at all times. Moreover, the robot’s kinematically
redundant design results in a self-motion manifold, i.e. for each
pose of the effector, there exists an infinite number of possible
joint configurations to reach this pose. Figure 1 illustrates how
the robot’s elbow can be moved from left to up, and to right
without changing the ultrasound transducer pose. We use a
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Figure 1. lllustration of the kinematic redundancy of the LBR
iiwa robot. The ultrasound transducer remains in the same
pose with respect to the phantom, while the robot’s elbow
(highlighted by the arrow) points (a) left, (b) up and (c) right,
respectively.

|
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parametric version of the robot’s inverse kinematic*® to obtain
different elbow configurations.

In order to control the robot to position the ultrasound probe in
a pre-defined pose on the patient’s abdominal wall we need to
establish the transformation between patient and robot coordi-
nate systems. The patients outer surface can be estimated from
the planning CT images and surface tracking devices can be used
to acquire the actual surface of the patient. To relate the robot
pose to the patient we calibrate a surface tracking device (Kinect
v2, Microsoft, Redmond, WA) to the robot using hand-eye
calibration.”® Using an iterative closest point (ICP) approach
to match the tracked surface to the surface estimated from CT
yields the desired transformation. Similarly, the transformation
between ultrasound and robot coordinates can be established
from calibration.

Given the calibration it is possible to automatically place the
transducer at any desired point on the patient’s skin. Clearly,
some transducer poses are preferable when imaging the pros-
tate and for some poses ultrasound imaging is impossible, e.g.
due to shadows from bony anatomy. Taking this into account,
we use a simple approach to highlight potential transducer posi-
tions: we compute a maximum intensity projection from PTV
centroid to the skin and select transducer positions in an area
sufficiently far from bones and close to the prostate, see green
regions in Figure 2b. We used a threshold of 700 Hounsfield units

Figure 2. lllustration of the approach to identify potential
ultrasound transducer positions: (a) example CT slice, (b)
maximum intensity projection from PTV centroid. The dashed
arrows illustrate the projections starting at the PTV centroid
while the solid arrows highlight a landmark seen in the projec-
tion. Green/bright areas in the projection indicate positions
for which the line to the PTV is not containing large Hounsfield
units. PTV, planning target volume.
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Figure 3. lllustration of ultrasound motion compensation. (a)
shows the general setup with patient, prostate, ultrasound
transducer, ultrasound FOV, and a treatment beam. Note
that the prostate is moving within the FOV and that rela-
tive motion detected by ultrasound is compensated by the
same relative motion of the beam (arrows). (b) illustrates the
margins and the use of the distance transform to detect col-
lision. The arrow denotes the projection, with the blue part
of the projection representing the transducer in the planning
pose. Red and gray projections represent margins accounting
for transducer and beam motion, respectively. The effective
beam radius plus the margin results in the lookup value for the
distance transform, i.e. if the value of the distance transform
for the point where the beam’s centre line intersects with the
projection plane is larger or equal to the lookup value, there is
no collision. FOV, field of view.
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and manually defined transducer positions well inside the view-
port. The orientation of the transducer was chosen such that the
depth axis of the ultrasound image points is parallel to a vector
connecting the transducer position to the PTV centroid.

Treatment planning

In principle, robotic beam placement would allow beam delivery
from infinite directions around the patient and with arbitrary
orientation. In practice, the number of beam directions is
limited to a discrete set of points (beam nodes) located above the
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treatment couch. For each beam node, beams pointing towards
the PTV are considered. Different collimators can be used to
shape the beam’s aperture, including cylinder collimators, the
IRIS collimator and an MLC. For the purpose of our analysis
we consider circular beams shaped by the IRIS collimator.?® A
direct aperture optimization approach is then used to compute
the beam weights.

Given the large number of potential combinations of beam node,
beam orientation and diameter it is not feasible to consider
all beams during optimization. Hence, we adopt the approach
followed by the clinical treatment planning system and generate
the beams in a heuristic fashion. Essentially, beam nodes and
collimator sizes are sampled from uniform probability distribu-
tions while the orientation is drawn from a distribution favouring
beams pointing closer to the surface of the PTV. Generally, such
beams may pass through the ultrasound transducer and the
robot holding it, which would render the beam less effective
and complicate dose computation. Particularly, the exact pose
of robot and transducer might not be known during planning,
as the placement of the transducer could deform the abdominal
surface in order to achieve good image quality. Moreover, during
motion compensation the beams would move relative to the
ultrasound transducer. Both effects could result in a substantial
change in the delivered dose if a beam passing close to the robot
is eventually blocked during treatment.

To avoid collisions of the beams with the ultrasound robot and
transducer, we extend the beam generation. The transducer
motion on the abdominal surface and the beam motion cannot
be predicted during treatment planning. Hence, we consider a
safety margin to account for this uncertainty. For each beam node,
we first compute the projection of the robot and transducer onto
a plane normal to the direction from the node to the centroid
of the PTV. In this plane we establish the distance transform to
the outer edge of the projection. During beam generation, for

Figure 4. The 10 robot poses considered for treatment planning relative to a volume rendering of the CT, with (a-j) showing poses
1-10, respectively. A (red) sphere denotes the beam node for which the blue projection was computed. The (red) lines around the
projection illustrate the result of the distance transform used to remove overlapping beams. Note that the transform is computed

to include the largest expected effective radius.
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Figure 5. lllustration of the effect of the robot’s kinematic
redundancy on the beam selection. (a-c) show the projections
for the same ultrasound transducer pose and the same beam
node but the elbow in a left, up and right position. Note that
the beam is blocked in (b). Considering that the robot could
move the elbow without changing the ultrasound transducer
pose, we only need to remove beams that overlap with the
intersection of the projections as illustrated in subfigure (d).

each beam we compute the point where its centre line intersects
the projection plane for the respective node. Moreover, we also
compute the effective beam radius in that plane from our dose
model. From the distance transform we obtain whether the point
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of intersection is closer to the projection’s outer edge than beam
radius plus safety margin, i.e. whether the beam could be partially
blocked by robot or transducer. In this case we discard the beam
and continue sampling beams until we generated the desired
number of candidate beams. Figure 3 summarizes the setup for
motion compensation we consider. Note that the ultrasound
images would only need to provide the relative motion of some
pattern or landmarks distinguishable by a computer program to
realize motion compensation similar to the Synchrony (Accuray,
Sunnyvale, CA) system. The figure also illustrates the use of
the distance transform to test for collisions. See Figure 4 for an
illustration of actual projections with the red and white lines
denoting the first values of the distance transform.

Considering the set of candidate beams and their respective
dose deposition coeflicients in voxels of PTV and organs at risk
(OAR) we establish an optimization problem based on linear
programming.”” For each OAR and the PTV we define strict
upper dose constraints and the objective function is defined
to minimize the underdosing in PTV voxels, i.e. to maximize
coverage of the PTV with the desired dose. Two SHELL struc-
tures were defined as virtual OAR to maintain the conformality
of the dose distribution to the target. Essentially, SHELLs
contain a set of points on a dilated PTV surface and maintain
the dose gradient around the PTV. A further constraint limits
the total monitor units. Note that the strict constraints imply
that we can directly compare the objective values for different
treatment plans. Moreover, typically only a small subset of all
candidate beams has a weight larger than zero after optimi-
zation, i.e. the optimization effectively selects the set of treat-
ment beams. To study the effect of integrating the ultrasound
robot we run multiple optimizations on each set of patient data.
This is facilitated using an in-house treatment planning system
allowing to define treatment planning workflows which can
then be optimized in batch mode.

Figure 6. lllustration of ultrasound transducer placement for two different viewports towards the target region (protate, blad-
der): (a,d) transducer position with respect to the abdominal surface; (b,e) the respective ultrasound images; (c,f) cutting planes
through the CT obtained by transforming the ultrasound image plane to robot coordinates and then to CT coordinates using the

ultrasound-to-robot and robot-to-surface calibrations.
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Figure 7. Coverage as the planning objective with respect to the different safety margins for all 10 patient cases and all 10 poses.
The plotted values represent the mean over 30 repeated planning experiments. For clarity, only the minimum and maximum value
over the different poses and the different elbow configurations are shown. Results are given for all 10 patient cases (from left =

patient 1to right = patient 10).

minimum and maximum coverage vs. safety margin and all ten patients
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Patient data

We studied data sets of 10 prostate patients previously treated
with the CyberKnife. The PTVs included the prostate and had
volumes ranging from 52.7 cm® to 115.4 cm’. The key planning
data including CT image, contours, the set of beam nodes and
the physics data underlying the dose calculations were imported
into our planning system. To achieve a comparable starting point,
we specified constraints for the PTV, the rectum, the bladder
and two SHELL structures to maintain a conformal dose distri-
bution. The SHELL structures are dilated versions of the PTV
surface at 3 and 9 mm distance from the PTV that control the
dose gradient in all directions. We consider a hypofractionated
protocol for prostate treatments with the CyberKnife delivering
a prescribed dose of 36.25 Gy in 5 fractions.”® Accordingly, the
maximum dose constraint for the PTV was set to 40.5 Gy. Our
constraints on rectum and bladder were more conservative at 36

Gy maximum dose while the monitor unit constraint was set at
40,000 MU, allowing for rather conformal dose distributions, i.e.
such that the plan quality is not dominated by the monitor unit
constraint. Note that the key aspect of our study was the effect of
adding an ultrasound robot and using its kinematic redundancy.
We compare the treatment plans with respect to the optimiza-
tion problem as seen by the planning system. To obtain a consis-
tent base line plan for all patient cases, we relaxed the low dose
conformality by adjusting the constraint on the SHELLs until a
coverage of 95% at 36.25 Gy was achieved. All dose computations
were performed on the planning grid of 3 x 3 x 3 mm®.

Experiments

Feasibility of robot setup and calibration was studied using
an ultrasound phantom (FAST Exam Real Time Ultrasound
Training Model, CAE Healthcare, Redmond, WA). The main

Figure 8. The objective function value for the 10 patient cases (from left = patient 1to right = patient 10) and the 10 poses (denoted
by the blue and red from left = pose 1to right = pose 10) in comparison to the respective reference values given in black. The lines
represent the 25 to 75 quantile range and include the four different robot configurations.

objective function values vs. safety margin for all ten patients and all ten poses
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Figure 9. Dose-volume histograms for (a) PTV, (b) rectum and (c) bladder. The figure summarizes all dose distributions for a mar-
gin of 20 mm. Blue lines correspond to the reference plans, red line correspond to the combined elbow configuration and black
lines correspond to all remaining plans. The figure illustrates that the PTV coverage for the combined elbow configurations is
typically higher than for other plans while the OAR dose are not compromised. OAR, organs at risk; PTV, planning target volume.
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objective of this step was to explore whether the ultrasound
images would actually cover the relevant structures, i.e. natural
or artificial landmarks within the prostate. To examine whether
the kinematic redundancy of the ultrasound robot can help to
offset the reduction of beam directions for a prostate SBRT we
considered a beam node set forming the union of all nodes of the
10 patient cases. For each patient case and each of the 10 general
robot poses shown in Figure 4, we considered the three distinct
elbow configurations illustrated in Figure 5a-c, and the intersec-
tion of the projections of all three elbow configurations as shown
in Figure 5d. The four cases are subsequently called “left”, “up’,
“right” and “combined”. Moreover, three different safety margins
of 10, 20 and 35 mm were considered. Each planning experi-
ment was repeated 30 times to account for the heuristic beam
generation. Additionally, for each patient we ran 30 experiments
without the ultrasound robot to generate reference treatment
plans. In total, 36,300 treatment plans have been computed.
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RESULTS

Figure 6 shows the system setup in the lab, illustrating how the
robot realizes two different ultrasound transducer poses on the
surface of the phantom (left). The ultrasound image and the
respective CT slices are shown for each pose (centre, right). This
demonstrates that ultrasound coordinates can be transformed
into CT coordinates. Figures 7 and 8 summarize the planning
results with respect to coverage and objective value for all 10
patient cases, the different margins and the different ultrasound
robot poses. Figure 9 shows the dose volume histograms for all
plans for a 20 mm margin and for PTV, rectum and bladder,
respectively.

Table 1 motivates the use of three elbow configurations in our
analysis. The table shows the number of blocked beams for the
three distinct poses elbow left, up and right, and for combina-
tions of left and right, and left and up and right, respectively. The

Table 1. The mean percentage (n) and standard deviation (¢) of blocked beams for one candidate beam set of the 10 patient cases,
the 10 poses and the elbow left, up and right configurations, and for combinations of left/right and left/up/right, and all integer

angles from left to right, respectively

Left Up Right Left, right Left, up, right All angles
Pose u o u o u o u o u o u o
1 40.34 2.06 36.12 1.77 35.58 1.90 28.87 2.04 28.46 2.03 27.25 1.95
2 27.00 1.94 28.04 2.06 33.48 2.51 24.52 1.95 24.47 1.93 24.01 1.90
3 41.32 2.69 36.73 2.13 39.29 2.65 32.99 291 32.06 2.79 30.73 2.66
4 31.46 2.64 32.93 2.48 39.57 3.14 29.77 2.50 29.31 2.36 28.87 2.36
5 44.62 2.53 40.99 2.61 37.69 2.54 30.62 2.68 30.59 2.64 29.40 2.53
6 27.56 2.54 27.82 2.89 31.08 3.17 23.41 3.10 23.37 3.08 22.99 2.95
7 35.59 2.35 35.34 0.98 37.61 0.95 26.16 1.85 25.82 1.68 24.62 1.32
8 27.82 1.15 28.42 0.76 33.29 1.93 22.71 0.72 22.66 0.73 22.04 0.67
9 51.11 5.74 39.71 7.39 36.48 8.54 34.16 8.27 32.47 7.54 30.07 6.95
10 28.55 7.66 27.89 8.78 28.39 9.07 26.52 7.84 26.32 7.93 25.48 7.61
Mean 35.54 3.13 33.40 3.19 35.25 3.64 27.97 3.39 27.55 3.27 26.55 3.09
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Table 2. Minimum coverage over all 10 patient data sets, for all 10 poses, the three elbow configurations and the combined config-

uration, and a safety margin of 20 mm

Right Left Up Combined
Pose u o u o u (o] u (o]
1 91.5 0.8 92.5 0.5 91.1 0.7 92.0 0.6
2 90.9 0.9 92.0 0.7 87.4 0.8 92.9 0.7
3 90.3 0.8 91.1 1.0 90.7 0.7 91.6 0.8
4 89.3 0.9 90.8 0.7 84.3 0.9 91.1 0.9
5 91.7 0.8 92.8 0.8 91.6 0.6 92.3 0.8
6 90.8 0.8 92.4 0.6 87.7 0.7 92.8 0.8
7 93.0 0.8 93.6 0.8 91.4 0.6 93.5 0.6
8 90.8 0.9 92.0 0.6 87.4 0.7 93.2 0.7
9 90.2 0.6 89.3 0.8 90.5 0.7 91.1 0.7
10 90.8 0.7 91.0 0.7 88.4 0.6 91.7 0.8

Note. Values are given in percent, mean (p) and standard deviation (c) refer to the 30 repeated planning experiments. Bold numbers highlight the

column-wise maximum.

percentage of blocked beams when all integer elbow angles in
between are considered is given for comparison. For this compar-
ison we consider elbow angles from —90 degrees to 90 degrees for
all robot poses. The elbow up configuration results in the fewest
beams blocked for a single configuration. A combination of left,
up and right configurations results in a substantial decrease in
the number of blocked beams. A further small reduction results
from considering all integer beam angles.

Table 2 gives further details on how the different elbow configu-
rations correspond to the worst-case coverage over all 10 patient
cases and for a safety margin of 20 mm. Considering that the
worst-case coverage for the combined elbow configurations for
pose 7 is largest, Table 3 compares the coverages obtained for this
combination to the reference values and the best plan including
the ultrasound robot for all 10 patients.

The blocking of nodes is illustrated in Figure 10, where colours
of the spheres indicate whether nodes are unblocked (green),
partially blocked (yellow) or completely blocked (red). The size of
the spheres denotes the number of beams starting at the respec-
tive beam node. For the reference plan without the ultrasound
robot, beams are delivered from many directions with a prefer-
ence of inferior beam nodes (Figure 10a). When the ultrasound
robot is added, some nodes are completely blocked while more
beams start at nodes that are partially blocked (Figure 10b-d).
Allowing for all three elbow configurations, the number of
completely blocked beams decreases (Figure 10e).

Table 4 summarizes the number of completely and partially
blocked nodes for pose 7. Results are presented for the different
elbow configurations and all 10 patient cases. Note that the total
number of nodes is 99 for all patient cases.

DISCUSSION

We present a setup to realize ultrasound image guidance during
prostate SBRT using a kinematically redundant off-the-shelf
robot to position the transducer. The key aspect of the current

study is to investigate whether the robot’s freedom with respect
to the elbow position can be used to minimize the impact of
intrafractional robotic ultrasound on the plan quality. The results
indicate that for prostate SBRT there exist ultrasound robot poses
where the effect on the plan quality is small for the 10 studied
patient cases, which represent a wide range of prostate volumes.

Considering Figure 7 it is clear that the robot can cause a substan-
tial loss of coverage when placed in an unfavourable position.
Figure 8 illustrates how this is related to the actual mathemat-
ical objective value, which represents the most direct measure
for plan quality comparison in our study. As expected, the effect
becomes more severe with a growing safety margin. While some
poses are more prone to negatively affect the plan quality, it is
not always the same pose leading to the minimal coverage. Like-
wise, there exist different poses which have the least effect on the
coverage for each patient. Looking at Table 2, pose 7 is partic-
ularly interesting, as in the worst case it has the best coverage
over all patients with a margin of 20 mm, particularly when the
flexibility of the elbow position is used, i.e. for the combination
of the “left’, “up” and “right” configurations. A further analysis
of this pose and the combined beam set for all three elbow posi-
tions is given in Table 3. The coverage is typically close to the
reference values and the best values obtained for any pose of the
robot. Exceptions are patient 10, where another pose is yielding
0.5 percentage points more coverage on average, and patient
7, where pose seven combined represents the best coverage
with robot but 1.7 percentage points below the reference value
without robot.

In our study we try to isolate the effect of adding the ultrasound
robot from other parameters that may affect plan quality. We
maintain the same strict dose constraints for the maximum dose
in PTV and OARs and for the total monitor units and we study
the dose distribution on the optimization grid. Figure 9 shows
dose volume histograms for all plans and PTV, rectum and
bladder, respectively. The figure illustrates that all dose-volume
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Q v BHlgl §2
o = N 2= S e the combination of elbow left-up-right configurations results in
= 5 - . .
k) ol B I G - = - 23 substantially fewer beams being blocked when compared to each
c c2 single configuration. Moreover, a much larger set of all integer
© ol 8 § & &
Q | olela © 50 elbow angles between the left, up and right configurations only
3 © L
2 = el g < = ¢ < ields a smaller reduction in the percentage of blocked beams.
=] o ! X © + Y p &
g = § SRS This is interesting, as it may help reducing the search space for
© S22y Sl g 8 optimization. The effect of using the kinematic redundancy to
g o . 82 avoid the blocking of beams is also illustrated by Figure 10 and
S S % further highlighted by Table 4. Both show that combining the
¢ ol |2 P _ ¢ Q three elbow configurations results in a substantial decrease in the
o -~ > 2 c &
= 5 2] % number of completely blocked beam nodes compared to using
ot < Q . .
£ E ol wlalalol 2 = 'f_:) £ each elbow configuration separately. Each single elbow config-
g I EY RS AR g uration blocks 23.1 nodes on average while the combination
© g 2 blocks 14.5 nodes on average. Note that not all beam nodes are
§ ol olel= " § g equally used in the reference plans, motivating our approach to
] = e < El|5T position the ultrasound robot such that the actually useful beam
T & § Z o € directions remain unblocked.
@© < o | =N % o 2
] =T = B e g < g g
8 o e . S5 Studying the results one needs to consider the heuristic nature
g 5o ying
= g of the candidate beam generation. Generally, a larger sample of
© S ) . . ; .
| 0|22 2 _ g3 candidate beams will result in better coverage during plan opti-
£ ) = 23 8 &P P
2 g 1= mization. This is why we kept the number of beams at 6000 for
= = NEAEE Y P
= = ) *l 23 all experiments. However, this results in more beams per node
5 53 ol N|o| V| & 29 p p
2 g8 7F|€]7 oo when blocking by the ultrasound robot is included, i.e. as fewer
s e nodes are available. Given that some beam directions are prefer-
%) c 9 p
3 J I I ~ - able as indicated by Figure 10a, blocking of unfavourable beam
o = e = = gz nodes may therefore result in a larger choice of beams from
_E, [=} ! c 5 y g
R 2 | Qe romising directions. In turn this may improve the coverage, e.g.
= = RN p ,
® & MIENEIRNI R R ° 2 for patients 2 and 6 in Figure 7. Hence, a patient specific opti-
= = g g S g s o] p g P p P
c 23 mization including more configurations of the ultrasound robot
s 22 could further improve the plan quality.
@ al vl e ) 5"
O [=3 — [=} — L n
o E Zlalas A further consideration regards the choice of the safety margin.
o ks 2 s | o 8 Y g
< = U VS B I I S R = = The position of the ultrasound robot’s base and the configuration
~ S < 9 . . PR .
° v Sl L85 T =g of the elbow have an impact on the dexterity when positioning
S5 2 ‘é’, the transducer on the abdominal wall. Hence, the actual robot
Y— 9 v C
CC> s | olale “ E € pose may vary slightly, e.g. when the robot pushes the transducer
S 3 = S - Sl _|°2 into the tissue during force controlled placement. The place-
T 1.8 B § ] ment of the ultrasound transducer would be semi-automatic,
3o | & B | 2
o | & el 33 alT BN i.e. the demonstrated approach using the abdominal surface to
€3 el I -Gl I - I 58 -
853 <@ place the robot would be complemented by small manual adjust-
9 . G
M D E 3 ments and automatic force controlled positioning. Moreover, the
298 ol 7 © =| gL beam motion when compensating for a moving PTV needs to be
S il Bl Ol I I il Bl = taken into account. Prostate motion was reported to be within
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Figure 10. Beam node usage for a reference plan (a) ultrasound pose one and the elbow left (b) up (c) and right (d) and for the
combination of the three elbow poses (e) Green spheres denote unblocked nodes with the size of the sphere representing the
number of beams delivered from the respective node. Yellow and red spheres denote partially and completely blocked nodes,
respectively.
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6, 6 and 4 mm along the superior-inferior, anteroposterior, and would be blocked. A 20 mm margin may therefore represent a
left-right axes.” In an actual treatment setting the pose of the reasonable choice to account for uncertainty with respect to the
CyberKnife and the ultrasound robot are known and hence the ultrasound robot and beam motion while avoiding unnecessary
treatment could be stopped and setup repeated if the beams beam blocking. Note that the margin is small compared to the

Table 4. Comparison of the number of fully and partially blocked beam nodes for robot pose 7 and all 10 patients

Right Left Up Combined

Fully Partially Fully Partially Fully Partially Fully Partially PTV
Plan | p o u o u Y u o u o u Y u o u o | (cm?)
1 24.6 0.7 21.9 0.9 23.7 0.8 21.6 1.2 25.8 0.7 23.4 1.2 16.1 0.7 194 1.0 67.1
2 24.2 0.9 25.2 1.3 21.9 1.1 28.8 1.7 23.1 1.0 29.6 1.4 14.2 1.0 26.8 1.7 93.2
3 22.2 0.6 259 1.2 22.1 0.6 25.2 1.4 24.5 0.5 31.1 1.5 13.1 0.5 255 1.0 82.3
4 27.8 0.7 24.1 14 25.9 0.8 26.4 1.6 27.1 0.7 28.1 0.9 17.2 0.9 253 1.6 81.1
5 19.7 0.9 42.0 1.6 19.3 0.5 45.2 1.4 19.6 0.6 41.0 1.3 11.6 0.8 42.8 1.6 109.7
6 21.2 0.8 22.8 1.6 22.2 1.1 22.8 1.3 22.5 0.6 24.5 14 13.6 0.8 19.1 14 70.3
7 21.7 0.9 53.3 1.9 22.1 0.9 54.6 1.7 21.3 0.7 52.8 2.0 14.3 0.8 55.0 2.1 1154
8 20.4 0.6 38.5 1.2 21.5 1.1 40.0 1.5 19.2 0.9 38.4 1.2 13.1 0.7 38.5 1.3 86.1
9 21.1 0.8 37.2 1.6 22.0 0.8 39.2 1.1 20.5 0.9 38.8 14 14.0 0.7 36.6 1.6 87.5
10 278 | 07 | 2903 | 16 | 257 | 07 | 324 | 16 | 272 | L0 | 310 | L7 | 178 | 09 | 314 | 18 52.7

Note. Mean (p) and standard deviation (o) refer to the 30 repeated planning experiments. Moreover, the PTV volume is given in cm.® PTV, planning
target volume.
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source-to-robot distance and that robot motion will be small,
too. Therefore, the robot motion can be handled by adding a
margin to a single projection of robot and transducer rather than
simulating all possible pose changes of the transducer.

Another approach to integrate imaging would be transperineal
ultrasound.”® For prostate cases this can be an interesting option
if the target is visible throughout the treatment. The transabdom-
inal approach is already established® and may be more flexible
and extended to other targets in the abdomen. Yet a different
approach to integrate ultrasound imaging with radiation therapy
devices is to limit its impact on beams passing through the ultra-
sound probe. While the delivery of beams through conventional
ultrasound probes should be avoided,”” new “translucent” probes
with a substantially reduced radio-opacity have been proposed.*!
We agree that a completely X-ray translucent ultrasound imaging
system would be a very interesting solution. However, it remains
open whether perfect translucency for robot and transducer can
be reached. Given the uncertainty with respect to robot and beam
motion during treatment, any remaining “opacity” of the ultra-
sound guidance system could be addressed by the method we
propose. In fact, our results show that for the CyberKnife even
a readily available commercial robot and ultrasound transducer
could be integrated while maintaining acceptable plan quality.
Further studies are needed to evaluate the impact of potential

Gerlach et a/

beam blocking for Linac/MLC-based tracking.'”'® However,
if the field orientations are optimized or rapid ARC delivery is
used, similar results seem possible.

CONCLUSION

Ultrasound guidance for SBRT of the prostate using a kinemat-
ically redundant commercial robot can be realized while main-
taining acceptable plan quality. Although the blocking of beam
directions can have a substantial impact on the plan quality for
treatments with the CyberKnife, the freedom in the ultrasound
robot’s pose and elbow configuration can be used to offset the
effect for most patients. We identified one pose that would result
in acceptable plan quality for typical patients, particularly when
considering that the benefit of non-invasive, non-ionizing and
continuous motion tracking would outweigh a small loss in
coverage. Considering that there is room for further patient
specific robot pose optimization and that target tracking may
facilitate tighter margins, robotic ultrasound represents an inter-
esting alternative for intrafractional image guidance in SBRT of
the prostate.
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