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A B S T R A C T

Background and purpose: Ultrasound (US) is a non-invasive, non-radiographic imaging technique with high
spatial and temporal resolution that can be used for localizing soft-tissue structures and tumors in real-time
during radiotherapy (RT) (inter- and intra-fraction). A comprehensive approach incorporating an in-house 3D-
US system within RT is presented. This system is easier to adopt into existing treatment protocols than current US
based systems, with the aim of providing millimeter intra-fraction alignment errors and sensitivity to track intra-
fraction bladder movement.
Materials and methods: An in-house integrated US manipulator and platform was designed to relate the computed
tomographic (CT) scanner, 3D-US and linear accelerator coordinate systems. An agar-based phantom with
measured speed of sound and densities consistent with tissues surrounding the bladder was rotated (0–45°) and
translated (up to 55 mm) relative to the US and CT coordinate systems to validate this device. After acquiring
and integrating CT and US images into the treatment planning system, US-to-US and US-to-CT images were co-
registered to re-align the phantom relative to the linear accelerator.
Results: Statistical errors from US-to-US registrations for various patient orientations ranged from 0.1 to 1.7 mm
for x, y, and z translation components, and 0.0–1.1° for rotational components. Statistical errors from US-to-CT
registrations were 0.3–1.2 mm for the x, y and z translational components and 0.1–2.5° for the rotational
components.
Conclusions: An ultrasound-based platform was designed, constructed and tested on a CT/US tissue-equivalent
phantom to track bladder displacement with a statistical uncertainty to correct and track inter- and intra-frac-
tional displacements of the bladder during radiation treatments.

1. Introduction

Spontaneous invasive urothelial carcinoma (InvUC), also referred to
as invasive transitional cell carcinoma, is the most common cancer of
the canine urinary system and is only partially responsive to surgical
resection or treatment with systemic chemotherapy [1]. Pilot clinical
studies and case reports show radiation therapy (RT) is well tolerated,
with no significant complications and improved urinary clinical
symptoms being reported [2,3]. For optimal RT, and in order to mini-
mize toxicity, changes in bladder volume, position and shape, must be
accounted for, not just from day to day (inter-fractional changes) but
for the duration of treatment (intra-fractional changes). To account for

these changes, treatment margins are increased exposing the sur-
rounding normal tissue. Hence, RT remains underutilized in InvUC
because of the inability to accurately target the urinary bladder during
treatment [4]. As with canine patients, human patients with an invasive
nonresectable form of bladder cancer or requiring bladder conserving
procedures would also benefit from RT, in particular intensity-modu-
lated RT (IMRT), if the inter- and intra-fractional target motion could be
adequately monitored and managed [5]. Thus, the technical develop-
ment of image-guided devices and techniques to visualize a patient’s
internal anatomy during treatment has become an important and area
of active research [6–8], although, no universally accepted commercial
imaging system currently exists to accurately target the urinary bladder
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in real time during treatment.
Current image-guided radiation therapy (IGRT) systems make use of

a variety of different radiographic and non-radiographic modalities to
monitor and reduce uncertainties associated with internal organ loca-
tion and motion. The most common image guidance systems use
radiographic, fluoroscopic, or cone beam computed tomography
(CBCT). These systems not only introduce an additional, non-negligible
dose to the patient [9], but align the patient based on their skeletal
features, not necessarily the target volume or bladder. MRI provides
superior onboard 3D imaging of soft tissue, but remains in the devel-
opmental stage, is expensive, and excludes patients with metal implants
and pacemakers. Ultrasound (US) imaging provides a cost-effective
non-invasive alternative for treatment setup and real time (3D) target
tracking without introducing additional dose to the patient.

To date, a number of ultrasound (US) external beam radiation
therapy (EBRT) guidance systems have been developed [10–12], each
with its advantages and disadvantages. Some of the deficiencies include
the dependency of the operator, where the applied pressure can distort
patient anatomy; or the introduction of expensive robotics and posi-
tioning systems. In this paper, a low-cost hands-free US-based platform
has been designed, fabricated and integrated into the radiation treat-
ment protocol. To evaluate the feasibility of this device, a tissue-
equivalent agar-based bladder phantom was constructed and used to
evaluate couch realignment uncertainties based on rigid-body image
registration of 3D US and computed tomographic (CT) images. Thus,
the aims of this study are to, first, demonstrate that this device can
achieve phantom alignment errors within a few millimeters, consistent
with existing on-board radiographic imaging systems, and second, to
demonstrate that 3D US can provide enough sensitivity to track bladder
movement, consistent with bladder filling or emptying.

2. Materials and methods

2.1. Construction of 3D US platform

The objective of the US-based platform design was to provide a
common coordinate system between the treatment planning CT and the
linear accelerator (linac), where 3D ultrasonic images would be used to
determine the translation and rotation matrix between these two co-
ordinate systems. The resulting design of the US-based platform im-
plements an adaptable manipulator to provide discrete reproducible (or
calibrated) positions with errors less than the positional uncertainties of
the linac couch, with minimal cost and complexity. The key aspects of
the platform are to: (1) place and locate the transducer array (TA) with
submillimeter precision; (2) change the angle of the TA to provide a
means to optimize image fidelity; (3) assemble and disassemble quickly
and easily around the patient on the CT and linac couches; and (4) use
materials that will not affect RT dosimetry. Acrylic was used due to its
low cost, low atomic mass and density, and ease with which it can be
manufactured. The parts that could not be manufactured were 3D
printed. The final design can be seen in Fig. 1.

The frame was designed to be assembled around the patient after
the patient was positioned using laser alignment. A set of “slots” or
discrete locations for the translating stage to rest in were included,
where each slot was placed 5 cm apart laterally from the center, and a
discrete set of angles in 15° increments, in order to vary the position the
transducer array (TA) obliquely. The extension of the radial arm and
the longitudinal shifts were done with a 1 mm threaded rod which gives
us increments as fine as 10 µm. As a result, a high precision for the
transducer-patient interface was available and if a 3D array was to be
used, small slice thicknesses could be achieved. When a patient was
positioned on the linac couch, any deviations in the platform settings
(from simulation) were used as inputs to the software interface to
realign the patient.

A critical step in the US-platform design was a clamp or mold to
hold and position the TA with high reproducibility, thus defining the

central axis of the TA within the platform’s geometry that was related to
the coordinate systems of the linear accelerator and CT couch. A CT safe
placeholder of the TAs, which was modeled from 3D infrared surface
scans, were 3D printed using filament-based thermoplastics method.
With these surface renderings, clamps were designed to form-fit each
transducer array. Individual clamps were designed to be interchange-
able with the platform.

To evaluate the uncertainty in patient realignment, the arm of the
platform that holds the TA was positioned at the treatment room iso-
center, then the TA was rotated through each discrete angle and the RT
couch was repositioned for the central ray normal to the TA surface to
align with isocenter. The average and standard deviation (SD) were
calculated through repeating this process.

2.2. Developing a urological phantom of the bladder

An agar-based tissue-equivalent phantom was constructed to re-
create US and CT density consistent with bladder cancer patients and
used to integrate the US-based platform into the treatment planning
protocol. The acoustic and x-ray attenuation properties of this phantom
were designed to be representative of the urinary bladder and sur-
rounding tissues. The anatomical features and dimensions were ob-
tained from CT and US scans of canine patients within the Purdue
Veterinary Teaching Hospital. This phantom was molded in a
12 × 12 × 12 cm3 acrylic container, with a 3 mm layer of skin, 1 cm
layer of fat, 1 cm layer of muscle, and 25 mL ellipsoid (balloon) of 5%
NaCl saline (urine) embedded within a 7 cm layer of soft tissue. The CT
and 3D US images of the bladder phantom are displayed in Fig. 2. The
phantom was a mixture of agar, glycerin and physiological saline,
where the proportion of each ingredient was chosen to produce CT
density and speed-of-sound consistent with skin, muscle, fat and
bladder.

Methods were developed to produce and ensure a uniform set of
acoustic (speed-of-sound) and CT (density) properties within each
tissue type over the duration of the study. Each tissue was designed
with a speed-of-sound based on mixtures of distilled water, agar
(0–2%), and glycerin (0–100%) using a linear model:

= + °C g m
s

w m
s

1920 1494 (at 25 C)g w/ (1)

where g is the fraction by volume of glycerin within distilled water
(w = 1 − g). The 2% agar resulted in a 10 m/s increase. Based on va-
lues found in the literature, skin, muscle, and fat consisted of 50, 25,
and 0% glycerin and 2% agar, while urine consisted of 5% saline (NaCl)
(Table 1). The speed of sound for each tissue component was measured
independently during fabrication based on the calibration curves using
photoacoustic methods. Tissue density was measured from CT scans,
where the average HU value was converted to a density based on the
calibration curve obtained from scans of a QA CT phantom (Gammex
464 ACR CT Phantom).

2.3. Image registration

B-mode ultrasonography of all phantoms was performed with a
dedicated ultrasonography machine (Philips iU22 SonoCT system,
Philips Ultrasound, Bothell, WA). A broadband volume curved array
transducer (6–2 MHz) and/or a broadband volume linear array trans-
ducer (13–5 MHz) were utilized. The depth, focal spot and window
level were adjusted to optimize image quality, resulting in a 512 × 510
matrix with a 0.42 × 0.30 × 0.60 mm voxel size. The probes were po-
sitioned in a transverse plane for all imaging studies. All phantoms were
scanned using a 64-slice helical CT scanner (GE Lightspeed 64 Slice CT
Milwaukee, WI, USA) using the following parameters: kVp of 120, mA
of 300–500, slice thickness of 2.5 mm, pitch of 1.0, variable scan field of
view, 512 × 512 matrix, rotation time of 1 s. Resulting in a
0.54 × 0.54 × 2.5 mm voxel size.
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All registrations were made using Eclipse™ treatment planning
system (Platform Version 11.0; Varian Medical Systems Inc., Palo Alto,
CA, USA) in order to avoid introducing additional software to the
treatment planning process. In order for Eclipse™ to recognize the US
images, a MATLAB™ (R2019a, MathWorks, Inc., Natick, MA, USA)
script was developed to create DICOM files for the 3D-US volumes by
modifying the DICOM headers and slice image data from a copy of the
treatment CT scan. Unlike CT where each slice stands on its own, the US
volumes are exported from the unit as one 3D matrix. A script was
written to separate each slice from the exported volume, assign new
metadata with the correct positional (couch and platform) and voxel
information (from US) and write new DICOM images. The files could
then be imported into Eclipse™ using the DICOM media file import filter
as if they were CT scans.

Critical to this protocol was the ability to accurately and precisely
co-register the US volume (linac) to the simulation CT volume, and the
US volume to the initial or baseline US volume once patient alignment
to the simulation CT volume has been performed. To measure these
parameters, the bladder phantom was translated and rotated relative to
the US TA. The experimental setup for these tests is shown in Fig. S1.
For each measurement, the phantom was rotated (using a rotating
platform) over a 0–45° range – at angles rotated 5, 15, 30 and 45°
around the vertical axis – and translated within a 7 cm range, after
which a CT and US scan was acquired. This procedure was repeated

after inserting a 4° wedge to change the patient pitch.
Each subsequent scan (e.g. treatment) was co-registered to the ori-

ginal scan (e.g. simulation). The registration matrices composed of the
x, y and z translation and rotational components were recorded. For the
US scans, the TA was held in a clamp above the phantom and the ex-
periment was repeated three times for each set of rotation angles
(N = 3). The US-to-US and US-to-CT co-registrations were compared to
the CT-to-CT co-registration.

Prior to co-registration, no manual movements or changes were
made to the image volumes, in other words, an automatic registration
was attempted. The details powering the Eclipse™ automatic

Fig. 1. Platform Design. (A) Overview of the platform design, (B) Different possible discrete angles of the transducer, (C) Longitudinal and lateral range, and (D)
different coordinate systems of the US guidance platform and the RT treatment bed.

Fig. 2. Images of the urological phantom. (A) CT slice of phantom, (B) corresponding US slice.

Table 1
Physical Properties of the Tissue-Equivalent Bladder Phantom.

Recipe Measured

Glycerine (%) Agar (%) CT Number (HU) Density
(g/cm3)

Speed of
Sound
(mm/μs)

Water 0 0 −1.2 ± 2.6 0.99 1.49
Skin 50 2 107.3 ± 3.5 1.10 1.70
Fat 0 2 2.6 ± 2.6 0.99 1.49
Muscle 25 2 69.6 ± 3.9 1.06 1.59
Urine 0 0 41.5 ± 0.8 1.03 1.55
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registration are proprietary, but the underlying merit function was
based on mutual information. If by visual inspection the automatic
registration failed, then a rough manual match was applied. If the au-
tomatic registration still failed, then the field of view was modified to
only include the phantom, then the bladder, skin and muscle and finally
just the bladder. Lastly, image intensity thresholds were adjusted if all
else failed. All US-to-US and CT-to-CT registrations could be auto-
matically registered whereas the US-to-CT registrations were done
manually.

The US-to-US and US-to-CT registrations were used to determine the
accuracy and precision, where CT-to-CT registrations was used as our
control group. Accuracy was measured by calculating the average dif-
ference in translational and rotational components of the transforma-
tion matrix between two registered volumes. Precision was determined
by calculating the standard deviation (SD) of the transformation matrix
components. Each US volume was registered to the phantom in the flat
position for US and CT. The US-to-CT transformation matrices were
subtracted from the average US-to-CT initial offset transformation
matrix to correct for different initial coordinate systems.

3. Results

3.1. Construction of 3D-US platform

The errors between the geometry of the platform and the true couch
readings were 0.2 ± 0.8 mm (lateral), 0.0 ± 1.0 mm (vertical), and
0.1 ± 0.7 mm (longitudinal). The overall uncertainty was measured to
be 0.2 ± 1.5 mm.

3.2. Development of bladder phantom

The density and speed of sound for each tissue type within the
bladder phantom were determined based on the measured calibration
curves shown in Fig. S2. The resulting densities for water, skin, fat,
muscle and urine within the canine bladder phantom were 0.99, 1.10,
0.99, 1.06, and 1.03 g/cm3, respectively. For the same tissue types, the
measured values for the speed of sound were 1.49, 1.70, 1.49, 1.59 and
1.55 mm/μs (Table 1).

3.3. Image registration

CT-to-CT registrations were found to automatically converge
without the need for user input, while US-to-US and US-to-CT regis-
trations required some initial manual alignment, specifically for larger
rotation angles, as summarized in Table 2 (see Fig. 3 and Fig. S3). When
compared to CT-to-CT registrations (controls), US-to-CT translational
offsets along the x, y, and z-axes were kept below, on average, 2.0 mm if
phantom rotational re-positioning was less than 5 degrees (wedge and 5
degrees data): average error in x (−0.4 ± 0.8 mm), y (0.1 ± 0.6 mm)
and z (−1.9 ± 0.9 mm). Larger rotations increased this error to

2.0 mm and higher. Overall, the statistical errors from US-to-CT regis-
trations were larger than those from US-to-US registrations. For the
latter, errors were small, an average 0.4, 0.2, 0.8 mm along the x, y and
z translational components, respectively, and 0.2°, 0.4° and 0.2° for the
x, y and z rotational axis’. For the former, the statistical errors in-
creased, with an average value of 0.7, 0.6 and 0.8 mm along the x, y and
z translational components, respectively, and 1.2°, 0.9° and 0.6° for the
x, y and z rotational axis’.

4. Discussion

The motivation for this study was to design, construct and integrate
a 3D US-based platform that would allow radiation therapy to be in-
corporated into the treatment protocol of canine patients with localized
bladder cancer. Due to inter- and intra-fractional positional changes of
the bladder, large margins (1.5–2.0 cm) must be applied to avoid geo-
graphic miss in the absence of image guidance. The resulting increased
normal tissue volumes in the irradiated field may increase the prob-
ability of normal tissue complications. To track bladder displacement
and rotation, volumetric image registration based on soft tissue contrast
was used to track these movements. An US-based platform was con-
structed and calibrated to provide a common coordinate system be-
tween the CT (treatment plan), linear accelerator (treatment delivery),
and 3D ultrasound, thereby reducing the dose to the patient’s normal
tissues and providing a hands-free low-cost solution for inter-fraction
target realignment and intra-fraction real-time motion assessment. The
US-based platform was calibrated with a 1.5 mm (SD) uncertainty,
consistent with the positional accuracy of the linear accelerator couch
positioning system [9,13–15]. This device was tested using an US/CT
tissue equivalent phantom with physical and geometric properties
consistent with canine patients (Table 3) and used to evaluate rea-
lignment uncertainties. CT-to-US registration (inter-fraction) identified
the bladder location with < 2 mm uncertainty, if initial patient laser
alignment was within 5° rotational angles. Similarly, baseline-US to US
registration was able to locate the relative bladder location within
2 mm, under various patient orientations. These positional un-
certainties are in-line with existing radiological systems and with suf-
ficient fidelity to track intra-fractional changes.

To date, there have not been any studies investigating the use of 3D
US to improve bladder cancer radiation treatment in canine patients.
There is also an important need for relevant animal models of invasive
bladder cancer to test new therapies prior to clinical trials in humans
[16]. InvUC in the canine patient offers many benefits that translate to
the human disease, including similar biological behavior, histopatho-
logical appearance, drug metabolism, spontaneous occurrence, and
therapeutic treatments [1]. For the latter, the challenges in applying
radiation therapy in canine patients are the same as those in human
patients, where changes in bladder position, volume and shape can
result in inadequate dose to the bladder and increased dose to the
surrounding normal tissues. Adaptive image guided techniques are ur-
gently needed to increase the safety and effectiveness of radiotherapy
for bladder cancer. Thus, the performance of US-based platform and
phantom will be compared to similar systems applied to human pa-
tients.

Bladder movement and changes in bladder shape and volume can
result in the bladder extending outside the GTV [15]. Onboard radio-
graphic imaging or CBCT is used to align the patient to the treatment
plan CT based on the anatomy of the pelvic bone, resulting in a 2–3 mm
error [14,15,17–19]. This does not necessarily consider the relative
displacement of the soft tissues (bladder) to the skeletal structure be-
tween treatments. These translational shifts in the bladder during pa-
tient setup have been measured to range up to 15 mm using CT, with a
5 mm error (SD) [15]. Similar shifts were measured using US, with
errors ranging from 1 to 9 mm (SD) [20], increasing in the caudal di-
rection. Other US image guidance methods have also been tested in
prostate cancer patients, where a range of uncertainties from 1.4 to

Table 2
Level of user intervention required to achieve a quality registration.

CT-to-CT US-to-US US-to-CT

Wedge Only Automatic Automatic Manual
5 Automatic Automatic Manual
15 Automatic Initial manual alignment Manual
45 Automatic Initial manual alignment Manual

*Automatic, The automatic registration successfully registered the datasets
every time.
**Initial manual alignment, the user had to only roughly shift and rotate the
target dataset before applying the automatic registration. Once a manual rough
alignment was done, the automatic registration would be successful.
***Manual, the user had to apply multiple techniques to register the datasets.
The automatic registration was never successful.

J.T. Sick, et al. Physics and Imaging in Radiation Oncology 12 (2019) 10–16

13



7.9 mm (SD) have been reported [6]. A representative example, Richter
et al. [21], compared the use of transperitoneal US to CBCT in patient
alignment, where lateral, vertical and longitudinal uncertainties were
measured to be 2.3, 2.4 and 2.7 mm (SD), respectively, with a mean
Euclidean error of 3.1 mm (SD) and an overall mean discrepancy of
6 mm. In this study, the US-based platform was able to align the bladder
(target) within the phantom independent of the surrounding skeletal
structure. US-to-CT registration based on volumetric soft tissue contrast
corrected for target (bladder phantom) misalignment and resulted in an
uncertainty < 2 mm (SD), −0.4 ± 0.8 mm, 0.1 ± 0.6 mm, and
−1.9 ± 0.9 mm. A potential weakness of this study was the lack of
data accounting for changes in the bladder shape. These differences
were reported by Lotz et al. [20] and Meijer et al. [14] to be less sig-
nificant than the setup and movement errors, e.g., 1–3.5 mm (SD) and
1–3.0 mm (SD), respectively. Incorporating these errors in quadrature
with the US-based platform uncertainties would result in an uncertainty
(3.6 mm; SD) comparable to previous studies (3.0–5.0 mm)
[14,15,17–19].

Intra-fractional motion is primarily due to bladder filling or emp-
tying, and to a lesser degree, due to the surrounding tissue (e.g., bowel)
shifting or distorting the bladder [20,22–24]. Bladder filling rates vary
significantly among patients and in many cases are sufficient to cause
the bladder volume to increase and extend beyond the GTV of the RT
treatment plan [22]. Bladder displacements of 5–6 cm have been ob-
served [23], with greater expansion in the superior-anterior direction
[24,25]. During rectal filling, the shape of the bladder does not change
much but instead shifts the volumetric center of the bladder (in SA
direction). Thus, changes in the bladder volume or translation of the
bladder can be used to monitor bladder filling or emptying rates
[20,22]. The average shift in the bladder centroid, in the superior-
anterior direction, has been measured using CBCT to be on the order of
12.0–12.5 mm over a treatment fraction [25]. This is significantly less
than the statistical errors obtained when using the US-based platform,
where baseline-US to US registrations were < 2.0 mm (SD) for x, y, and
z translational components, and < 1.1° for rotational components,
under various phantom orientations, thus providing enough precision
to track bladder displacement as it is filling or emptying.

In addition to motion, ultrasound image artifacts and aberrations
can also contribute to the uncertainty in patient alignment and bladder
location. Two important factors that introduce image distortions in-
clude variations in the speed of sound (SOS) and acoustic refraction. US
images are formed assuming a constant SOS for tissue (1.54 mm/μs);
however, this does not account for the heterogenous acoustic properties
within a patient, or the tissue equivalent phantoms. The resulting
acoustic aberrations from this lack of homogeneity influences the po-
sitional accuracy of the bladder centroid and its shape, where different
tissue types and geometries introduce axial (SOS) and lateral (refrac-
tion) displacements of the organs. In the canine tissue-equivalent

Fig. 3. Displayed are the CT-to-CT, US-to-CT, and
US-to-US registration results of the bladder tissue-
equivalent phantom after displacement (translation
and rotation). The first column are the images prior
to registration, the second column represents the
displaced image in blue; the final column the images
after registration. (A-C) CT-CT registration between
the phantom rotated to 45° and the flat position.
(D–F) US-CT registration between the phantom ro-
tated to 45° and the flat position. (G-I) US-US regis-
tration between the phantom rotated to 45° and the
flat position. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Table 3
Comparison of the Phantom Physical Properties to those in the Literature.

Density (g/cm3) Speed of Sound (mm/μs)

Measured Literature Measured Literature

Water 0.99 0.998 [33] 1.49 1.483 [32]
Skin 1.10 1.110–1.119 [34] 1.70 1.590–2.170 [35]
Fat 0.99 0.916 [34] 1.49 1.412–1.487 [36]
Muscle 1.06 1.038–1.056 [34] 1.59 1.589–1.603 [36]
Urine 1.03 1.001–1.050 [34] 1.55 1.554
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bladder phantom, the maximum axial displacement due to the skin,
muscle, and bladder was calculated to shift the proximal and distal
bladder wall by −0.8 and −1.3 mm, respectively. This effect can be
seen in Fig. 2, the bending of the agar-plexiglass boundary at the
bottom of the phantom. Similar calculations, assuming a spherical
bladder, determine axial and lateral displacements of the bladder cen-
troid and the average of the residuals in the bladder wall to be 2.5 mm
and 1.3 mm respectively. Even though these systematic effects are re-
latively small compared to inter- and intra-fraction motion, they are not
negligible. One method to reduce this uncertainty is to implement a
different SOS. Changing the SOS from 1.54 to 1.52 mm/μs reduced the
centroid and average wall displacements to 0.9 and 0.8 mm, respec-
tively. However, systematic errors also dependent on the location and
geometry of the transducer array, such as translational offsets of the
central projection axis of the TA relative to the center of the bladder
and the angle relative to the skin surface. A more robust solution would
correct for the SOS variations in a patient by applying imaging pro-
cessing techniques [26]. Refractive aberrations can be reduced by im-
plementing advanced US acquisition methods [27,28], such as multi-
angle or spatial compounding. These techniques have been shown to
reduce angle-dependent (refractive) artifacts, such as sidelobe, sha-
dowing, refraction and reverberation [27].

To operate the US-based platform, a coupling agent, in this case
water, was used, to eliminate the need for the transducer array to be in
contact with the patient. This potentially avoids displacing or distorting
the tissue (up to 5–10 mm) [26], such as the bladder, due to the applied
pressure from the operator. Positional flexibility was incorporated to
allow the skill of the operator to maintain good US image quality
without interfering with radiation treatment. This does require addi-
tional operator overhead and time, but with experience can be kept
minimal. Another weakness was the inability to automatically register
US to CT without user involvement. Development of advanced regis-
tration algorithms will be necessary. This design of the US-based plat-
form also made a conscious effort to consider future use of com-
plementary ultrasound-based functionality (photoacoustics,
radioacoustics, Doppler) to monitor functional and molecular proper-
ties of tissue, specifically blood flow [29] and hypoxia [30], and in-vivo
dosimetry for applications in other therapeutic techniques, such as
hyperthermia, anti-angiogenesis and particle therapy [31].

An ultrasound-based platform was designed and calibrated to provide
a low-cost hands-fee device for image-guidance in radiation treatment of
canine bladder cancer patients. To evaluate the applicability of this de-
vice, a CT/US tissue-equivalent phantom was fabricated and used to
realign the bladder to the CT treatment plan using 3D US and to a baseline
3D US image with a statistical uncertainty < 2 mm, if couch repositioning
was within 5 degrees of rotation. This uncertainty is consistent with
current radiological techniques used in patient alignment (inter-fraction)
and sufficient to monitor intra-fractional changes in the bladder. Future
work will evaluate how to utilize these techniques and adapt RT in canine
bladder patients and potentially human patients.
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