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1 | INTRODUCTION

Prostate cancer is the most common non-skin malignancy

Abstract

Background: This study presents user evaluation studies to assess the effect of
information rendered by an interventional planning software on the operator's
ability to plan transrectal magnetic resonance (MR)-guided prostate biopsies using
actuated robotic manipulators.

Methods: An intervention planning software was developed based on the clinical
workflow followed for MR-guided transrectal prostate biopsies. The software was
designed to interface with a generic virtual manipulator and simulate an interven-
tion environment using 2D and 3D scenes. User studies were conducted with
urologists using the developed software to plan virtual biopsies.

Results: User studies demonstrated that urologists with prior experience in using
3D software completed the planning less time. 3D scenes were required to control
all degrees-of-freedom of the manipulator, while 2D scenes were sufficient for
planar motion of the manipulator.

Conclusions: The study provides insights on using 2D versus 3D environment from
a urologist's perspective for different operational modes of MR-guided prostate

biopsy systems.
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and needs to be further evaluated histologically through biopsy
sampling of the prostate, prior to initiating any treatment

protocols.”

affecting men globally.! The prostate-specific antigen (PSA) test
and digital rectal examination (DRE) are the primary tools for
screening for prostate cancer.>® Prostate cancer is generally
suspected in patients with an elevated PSA or abnormal DRE.

However, a positive screening test is not indicative of malignancy

In most cases, the biopsy method involves an 18-guage spring-
loaded core biopsy needle inserted manually into the prostate via a
transrectal probe. The probe can be operated in either Mode-I or
Mode-Il, as shown in Figure 1A. Mode-I| enables side-firing of the

needle, entering the prostate at an angle from the side of the probe,
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FIGURE 1 (A) lllustration of the two modes (A)
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and includes translation and rotation motions along a virtual axis
inside the rectum (as shown in Figure 1B). Similarly, Mode-II enables
end-firing of the needle, where the needle enters the prostate from
the distal tip of the probe. It includes additional upward and down-
ward angulation using the anus as a fulcrum (as shown in Figure 1C).
The trajectory of the chosen needle-exit directly affects patient
positioning, surgical technique, probe movements to obtain the bi-
opsy and cancer detection rates.>® Theoretically, both modes provide
good visualization under optimal conditions and patient positioning;
in many institutions, it boils down to surgeon-preference and expe-
rience. The end-firing probe allows for better lateral-visualization of
the prostate and has better cancer-detection rates.> It also provides
easier access to, and biopsy of, the lateral and anterior regions of the
prostatic peripheral zone as well as apex of the prostate.>® This
further lowers the risk of a false-negative biopsy. However, the end-
firing probe (Mode-Il) is highly dependent on patient-positioning
(glutes on the edge of the bed with legs flexed to the chest, to allow
for probe movement upward and downward using anus as fulcrum),
while side-firing probes (Mode-I) are relatively position-independent
(as long as the anus is accessible). Because of their better patient-
tolerance profile, many experienced urologists prefer side-firing
probes (Mode-I) for prostate biopsies.”® To an experienced urologist,
there is no significant difference in cancer-detection for either

mode.? In contrast, with a novice urologist, the mode directly affects

patient positioning, probe movements, and, most significantly, cancer
detection rates.>®

Apart from the two modes, depending upon the imaging modal-
ities, the standard approaches for prostate biopsies can be categorized
into transrectal ultrasound guided, magnetic resonance (MR)-guided
and MR-ultrasound fusion.’® This study focuses on MR-guided bi-
opsies of the prostate using an actuated manipulator to control a
transrectal probe under the two modes of operation. MR-guided bi-
opsies require MR-compatible instruments, prolonged positioning of
patient in prone position within the MRI and extended occupation of
usage-slots of MR machines. Despite these requirements, it is the most
sensitive modality to accurately detect and sample prostate le-
sions.**2 The manipulator provides precise positioning of the probe
inside the rectum, improving the accuracy of the procedure.*3-*?

An interventional planning software acts as a human-machine-
interface between the operator and the actuated biopsy system. It
enables the visualization of the area of interest for biopsy-planning.
Thus, the accuracy of the procedure is affected by the operator's
ability to understand the intervention environment rendered by the
software and plan the intervention by actuating the virtual manipu-
lator. Based on this concept, this study presents a user-study to
evaluate the operator's interaction with an interventional planning
software and its effects on planning transrectal MR-guided prostate

biopsies.
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There have been studies that have assessed software for trans-
rectal MR-guided prostate biopsies. Some of these studies focus on
the evaluation of the used software in terms of the accuracy of the
procedure performed on subjects,?® whereas others report their re-
sults on MR-ultrasound fusion accuracy?! and accuracy of the biopsy
needed with respect to the collected MR images.?? Other studies
evaluate the software used in conjunction with a manipulator to
assess calibration and registration of the manipulator and the virtual
environment?® as well as to assess the feasibility to remotely control
the manipulator.® Although these studies provide meaningful insight
for MR-guided transrectal prostate biopsies, they do not provide a
user (urologist) evaluation in terms of intuitiveness and interactivity
of the biopsy planning environment in 3D and 2D. In this study, we
report results from studies conducted with urologists with different
levels of expertise to evaluate their performance when controlling a
virtual manipulator to plan MR-guided transrectal prostate biopsies

under different modes of operation and visualization.

2 | MATERIALS AND METHODS

2.1 | Design of software based on clinical workflow
A generic software was developed taking into consideration the
regular clinical workflow followed at hospitals for performing
transrectal MR-guided prostate biopsies. The steps for this work-
flow, as shown in Figure 2, can be broadly categorized into five
phases: pre-procedure, imaging, planning, intervention and post-
procedure. After the pre-procedure phase, the interlinked steps of
imaging, planning and intervention phases are executed using the
software. MR images acquired in the imaging phase are used in the
planning phase for registration and planning of the biopsy needle
trajectory. The manipulator and probe have fiducial markers, which
are identified from the MR images and used to co-register physical
entities (i.e., the manipulator and probe) with their virtual repre-
sentations. In the planning environment, two probes are rendered.
First, a virtual probe that reflects the actual pose of the physical
probe. The pose of the virtual probe is altered in the software only
when the physical probe moves. Second, the virtual probe's proxy,
which is a replica of the virtual probe. Unlike the virtual probe, the
pose of the virtual probe's proxy can be manipulated by the operator
in the software and is used to simulate the manipulation of the
probe required for planning the biopsy needle trajectory. The
operator analyzes the acquired MR images to visualize the inter-
vention region and adjust the pose of the virtual probe's proxy, so
that the biopsy needle can hit the targeted lesion. Once the virtual
probe's proxy is in the correct pose (as required by the operator),
the software sends actuation commands to the physical manipulator
which positions the physical probe inside the patient's rectum. The
pose of the virtual probe is then re-registered based on the new
location of the physical probe. If the biopsy can be performed suc-
cessfully, a needle is manually inserted to extract the tissue sample.

To get new samples, or if the physical probe is not in the correct

pose, the virtual probe's proxy is repositioned, and the above steps

are re-executed.

2.2 | Development of the interventional planning
software

A software adhering to the clinical workflow (as shown in Figure 3)
was developed.?*?> The software is a modular system with the
following functionalities: (a) positioning/rendering of virtual objects
(such as MR images, probe and manipulator) in 2D and 3D scenes,
(b) manipulation of 2D/3D scenes (via rotation, panning and zoom-
ing) to analyse the area of intervention from different perspectives,
(c) processing of operator input through a graphical user interface
(GUI), (d) built-in controls for the virtual manipulator/probe and (e)
textual feedback for the operator on system events, such as infor-
mation on loaded data, warnings and confirmation of planning pa-
rameters. The modules were developed in C++ and integrated
based on a previous computational platform.?® The GUI was

k,%” and the visualization was

implemented using the Qt framewor
performed using the Visualization ToolKit library.2® The character-
istics of the virtual objects rendered in the 2D/3D scenes are

described as follows:

o MR scanner and images: A cylindrical MR scanner bore and a
movable rectangular bed inside the bore are rendered in the 3D
scene. MR images are rendered in both 2D and 3D scenes. The
scene's windows have GUI elements to traverse through the slices,
change the selected slice orientation (coronal, sagittal and trans-
verse), and load more slices of MR images. Interaction with slices
through the GUI is reflected on both 2D and 3D scenes. The 2D
scene window also displays coordinates of the image voxel
corresponding to the cursor position over the slice.

e Manipulator: A virtual manipulator was designed based on the
movements exhibited by existing transrectal prostate biopsy sys-

tem515—17,19

and is placed on the MR scanner bed in the 3D scene.
The generic design of the manipulator is comprised of three links
(base, support arm and distal arm) with two rotational degrees-of-
freedom. The distal arm comprises: (a) an adapter to connect
different probe designs and (b) a mechanism to rotate and
translate the connected probes, thus providing two additional
degrees-of-freedom. Therefore, the manipulator, along with a
probe, offers four degrees-of-freedom: three rotations and one
translation. The actuation of these four degrees-of-freedom as-
sists the operator in placing the probe in the required pose,
aligned with the targeted lesions in the prostate. In Mode-I, only
the probe is actuated by the manipulator, whereas in Mode-ll,
both the manipulator and probe get actuated. The user can select
either mode and actuate each degree-of-freedom individually
using the GUI.

o Probe: A virtual probe was designed to be operated in both modes
and is rendered along with its trajectory of the biopsy needle (in

the form of a line) in both 2D and 3D scenes. To assess if the



4 of 12 |

VELAZCO-GARCIA €T AL

Pre Procedure Imaging Plannning Intervention Post Procedure
Procedure Start 44 Localiser scans acquired J MR scanner bed is moved
+ + out of the MR scanner bore
Patient lies in prone position MR images slices acquired Virtual model of robot's base
on MR scanner bed to capture fiducial markers |—»- | is registered with respect to Operator disconnects
attached to robot base image slices in the software actuation assembly
Operator manually inserts - i
selected probe into rectum MR images slices acquired Virtual model of the probe is OP?TEIOT remqves‘ Imaging
—»| to capture fiducial markers |~ | registered with respect to coils from patient's pelvis
+ attached to probe image slices in the software +
Operator places manipulator + + .
between patient's legs Opgrator disconnects
MR images slices acquired Operator analyses images for manipulator from probe
+ to visualise regions of —» | target and probe's position for +
intervention in prostate trajectory of biopsy-needle
Operator manually connects
the manipulator to the probe v Operator manually removes
probe from patient's rectum
Will biopsy Yes Operator manually inserts *
Operator places the imaging needle hit ——> | biopsy needle into the probe -
coils around patient's pelvis target? and takes a tissue sample Operator removes manipulator
; from MR scanner bed
Operator connects actuation i
assembly to the manipulator Operator moves the probe's Yes More No Patient moves out of MR
proxy in the software to target | «—— 5"?1”1_P|€S seannerroom
v the region for biopsy required?

v

MR scanner bed is moved
into the MR scanner bore

Procedure Stop

Operator sends actuation
command to manipulatorto | —
move probe to proxy position

Manipulator is actuated to
move the probe to proxy
position defined by software

FIGURE 2 Clinical workflow followed at a hospital to perform magnetic resonance-guided transrectal prostate biopsy using the
interventional planning software. The steps of the workflow are sectioned into five phases: pre-procedure, imaging, planning, intervention and

post-procedure

current configuration of the manipulator and probe can target a
lesion, the probe's workspace is rendered as a span of lines, rep-
resenting the biopsy needle's potential trajectories in the 3D
scene. If the lesion lies outside the workspace, the biopsy is not
possible under Mode-l and would require actuation of the
manipulator under Mode-Il to reach the target.

e Probe's proxy: A proxy of the virtual probe was rendered in the 2D
scene (as a projection on the MR slices) and 3D scene. During
manipulation, the operator visually inspects possible poses to
ensure the probe always stays in the rectum and is pressed against
the surface of the prostate. Secondly, the software computes
feasible poses based on the kinematic constraints imposed by the

manipulator and informs the operator.

To simulate the clinical workflow with the developed software, the
following assumptions were made: (a) the co-registration of the
physical manipulator and probe with their virtual representations is
accurate and will be performed by another sub-module, (b) pre-ac-
quired offline MR datasets in DICOM format are used as real-time
images, (c) the MR images used are from a prostate phantom and depict
the pelvic anatomies and (d) the manipulator, when actuated, reaches

the desired pose inside the rectum without any tissue deformations.

The images were acquired from an MR compatible prostate phantom
(Model 048A; CIRS Inc) on a Siemens 3T Skyra scanner with a T2
Turbo-Spin-Echo (TE: 101; TR: 3600; FS: 3; FOV: 200 x 200 mm; 320 x
320; Slice Thickness: 3 mm; Slice Spacing: 3.3 mm).

2.3 | Experimental setup for user studies

The developed software was evaluated for planning transrectal
prostate biopsies using a virtual manipulator and MR images acquired
from a prostate phantom. Virtual studies were performed due to lack
of an available manipulator for experimental studies, as well as to
address the challenging logistics of coordinating availabilities of cli-
nicians and physical systems. Usability studies were conducted with
eight urologists. The subjects were denoted as S; (where i = 1 to 8)
and were categorized based on: (a) professional experience related to
urology (Juniors—S; to S¢ were urology residents with less than 5
years of experience, and seniors—S and Sg were urology consultants
with more than 5 years of experience) and (b) prior experience
working with computer generated 3D environment (S4, S5 and S had
prior 3D environment experience, whereas S4, S, S, S; and Sg had

no prior experience).
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FIGURE 3 Virtual objects corresponding to the region of intervention rendered by software in 2D and 3D scenes

The software was evaluated by the subjects under (a) Mode-I and
Mode-Il based on the number of virtual manipulator actuations and
(b) two visualization modes (2D and 3D) based on the dimension of
the visual information perceived by the operator. The combination of
control and visualization modes resulted in four modes of operating
of the software, namely Mode-I-2D, Mode-I-3D, Mode-II-2D and
Mode-11-3D. For each mode of operation, five spherical targets (with
diameters of 4, 5, 2.4, 2 and 1.5 mm, in that order) were pre-placed
inside the prostate. The positions of these biopsy targets varied for
Mode-| versus Mode-Il as different regions of prostate are targeted
under the two modes.

In the user studies, the subjects were first introduced to the

software through a 30-min preparatory session that included

familiarization with the controls of the virtual manipulator/probe
through the GUI. Subsequently, subjects were asked to maneuver the
probe's proxy connected to the virtual manipulator under different
modes of operation until the biopsy was performed successfully. In
the virtual environment, a prostate biopsy is considered successful
when the subject clicks on the “Check Target” button, and the dis-
tance between the biopsy needle and the centre of the target is at
most the sum of the target's and needle's radii (0.3 mm).2’ On a
successful biopsy, a new target is rendered, otherwise the subject is
prompted to continue planning on the existing target. The study is
completed when a successful biopsy is performed for all five targets.

During the study, interaction of the subjects with the software

was recorded. Meaningful indices were calculated from recorded
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data related to the performance of subjects when planning trans-
rectal prostate biopsies using the software under different modes of
operation. Specifically, for every subject under each mode of opera-
tion after performing a successful biopsy on every rendered target,
the following values were calculated: (a) accuracy (distance between
the centre of the target to the biopsy needle), (b) duration (time
required by a subject to perform a successful biopsy on a particular
target), (c) actuation count of each degree-of-freedom of the virtual
manipulator, (d) total actuation count for all degrees-of-freedom of
the virtual manipulator and (e) biopsy missed count (number of times
the user clicked on “Check Target” button, but the biopsy needle was
not penetrating the target). While performing the studies, it was
observed that most of the subjects were not able to operate the
software in Mode-II-2D and hence the corresponding values were

not reported in these studies.

3 | RESULTS

The parameters of the setup comprising professional experience,
prior 3D experience, target sizes, control modes and visualization
modes constituted the explanatory variables. The logged parameters
that describe the state of intervention planning software during user
interaction formed the response variables. The response variables
consist of accuracy, duration, DoF-3 actuation count (corresponding
to rotational degree-of-freedom of the virtual probe attached to
virtual manipulator), DoF-4 actuation count (corresponding to
translational degree-of-freedom of the virtual probe attached to the
virtual manipulator) and total actuation count. Marginal bivariate
relationships among response and explanatory variables are visually
presented in Figure 4. Statistical modelling was performed to
determine which of the explanatory variables of the study were
statistically significant in determining each of the response variables.
Since the response variables were evaluated on eight distinct sub-
jects, we expect to have some variation coming in the design by the
different subjects. For this reason, mixed effect modelling was used
allowing to encounter the significant subject to subject variation. The
explanatory variables of the study formed the fixed effects whereas
subjects were the random effects. In the linear mixed effects model,
each of the response variables was transformed, so that we do not
get any violation on the basic parametric modelling assumptions (i.e.,
normality, homoscedasticity, etc.) judged on various diagnostics (like
normal probability plots for the residuals, plot of residuals vs. the
fitted values, etc.). For each transformed response, p-values of the
explanatory variables (fixed effects) in the full model were computed.
Pairwise relationship among the response variables revealed a cor-

relation of 0.948 between the actuation count and duration, and of

0.727 and 0.684 between total actuation count and DoF-3 and DoF-4
actuation count, respectively.
After performing the statistical analysis, the following observa-

tions were made:

o Subjects' expertise: Professional experience of the subjects did not
show any statistically significant difference in operating the soft-
ware. However, subjects with prior experience working in com-
puter generated 3D environments took relatively less time to plan
a biopsy as compared to the rest of the subjects which had no prior
experience (p = 0.0489). The average duration per subject with
prior 3D experience was 79.5 s as compared to 108.5 s with no
experience (shown in Table 1).

e Targets: All the subjects were able to perform the biopsies suc-
cessfully on the rendered targets. The durations to perform suc-
cessful biopsies for the rendered targets were significantly
different among the subjects (p < 0.0001). The pattern showed that
after two targets the subject got familiar with the intervention
planning software; the accuracy and speed improved (p = 0.0106).

e Mode-I versus Mode-II: In Mode-I, subjects took less time to plan
and perform biopsies using the virtual manipulator, compared to
Mode-Il (p < 0.0001). In Mode-I, the average duration per subject
was 68.5 s, whereas in Mode-Il it was 156 s. The average actuation
counts for Mode-l and Mode-Il were 95 and 222, respectively
(shown in Table 2). It showed that Mode-| actuation count was less
as compared to Mode-1l (p < 0.0001).

e 2D versus 3D visualization modes: The subjects were able to esti-
mate the insertion length (i.e., the DoF-4) easier in 2D visualization
mode as compared to 3D visualization mode (p = 0.0316). Also,

there were zero target misses in 2D visualization mode.

4 | DISCUSSION

Based on these results, a subject's prior experience in using 3D soft-
ware played a pivotal role in improving the accuracy and time to plan
biopsies. There was no indication that a urologist's clinical experience
plays a significant role when using the software. Thus, training an
operator to work in a computer-generated 3D environment may (a)
improve the understanding of the virtually rendered region of inter-
vention, (b) assist in manipulation of virtual objects, which in turn may
actuate a manipulator/probe inside the rectum and (c) improve accu-
racy and speed for performing procedures using the biopsy systems.
Furthermore, familiarity with 3D environments becomes vital
when planning and performing an intervention in a 3D scene. For

example, in Mode-11-2D, which entailed actuation of all four degrees-

FIGURE 4 Visualization of the marginal bivariate relationship between the response variables and explanatory variables. The response
variables comprise accuracy, duration, DoF-3 actuation count (corresponding to rotation of the probe), DoF-4 (corresponding to translation of
the probe) and total actuation count. The explanatory variables consist of professional experience, prior 3D experience, targets, control modes
and visualization modes. Each relationship is tagged based on the p-value using a star-type categorization: “***” if p-value < 0.001, “**” if
p-value in (0.001,0.01), “*” if p-value in (0.01, 0.05) and “ " if p-value > 0.05



8 of 12 |

VELAZCO-GARCIA €T AL

TABLE 1 Subjects prior experience working in a 3D environment

With Prior 3D experience

Average duration (seconds) per subject 79.5

Average actuations count per subject 120

TABLE 2 Modes of operation during the biopsy

Mode | Mode Il
Average duration (seconds) per subject 68.5 156
Average actuations count per subject 95 222

of-freedom, subjects were not able to assess the position of the
manipulator in 2D and, as a consequence, were not able to perform
the studies in an intuitive and timely manner. This necessitates using
3D scenes for an interventional environment when the employed
degrees-of-freedom cause a non-planar motion of the device (as in
Mode-11-3D). However, contrary to this, subjects may be able to
assess motion caused by a single degree-of-freedom better on a 2D
scene. For example, during the studies, subjects were able to esti-
mate the insertion length easily on a 2D scene as compared to 3D.
Therefore, acquiring and rendering the interventional environment in
2D or 3D scenes assists operators in actuating single or multiple
degrees-of-freedom of the manipulator/probe, respectively. Since the
number of degrees-of-freedom relates to the dexterity of the device,
this conclusion may need to be considered when such devices are
implemented.

This study was motivated by the current practice of urologists to
view MRI data in a 2D format due to console frontend limitations and
lack of intuitive and ergonomic interactive manipulation of 3D im-
aging data to appreciate and understand the spatial relationships. In
response, this study investigated 2D versus 3D visualization and does
not compare the specific software platform to any other. It is noted
that the features of the custom-developed software can be tuned to
be operated as both a standalone software online with the scanner
and as a module installed on the scanner computer generating 3D
scenes streamed into the console output.

As these studies were conducted in a simulated environment in the
absence of an MR scanner and physical manipulator, it had certain
shortcomings. First, the study did not include any co-registration of
physical objects (manipulator and probe) with their virtual represen-
tations. Although this step is crucial in the clinical workflow, the results
of these studies were not affected, as it is performed prior to planning.

Second, offline image data were used instead of being online with
the MR scanner and accessing the data in real-time or on demand.
This limitation also did not affect the user studies that were focused
on the interface itself, for two reasons: (i) the difference with being
online would have been possible latency in accessing this data that
was not included in the studied parameters, (ii) the exact pose of the
imaging planes (orientation and position in space) was extracted by
the corresponding routine of the software from the DICOM header

of the individual slice.

Without Prior 3D experience
108.5
147

Third, the imaging data used to conduct the studies were ac-
quired from an MR-compatible phantom designed specifically for
image-guided prostate biopsy training. Although the phantom does
not entirely represent the human physiology of the pelvic region, the
anatomies (prostate, urethra, bladder and rectum) necessary for
planning the biopsy were of realistic sizes and have similar contrast
of MR image data. The structure of the phantom is comprising an
orifice leading to a semi-rigid tubular section representing a rectum,
which appears as a hollow tube on the MR images. It enabled the user
to visualize the virtual transrectal probe motion as if constrained by
the rectal walls and improved the user-experience. This would have
been difficult with human MR image data unless a probe was inserted
in the rectum while acquiring the images.

Fourth, as needle insertion is performed manually by the oper-
ator (and thus cannot be simulated in this study), the parameter
corresponding to the computation of the needle insertion depth in
the software was excluded. The needle insertion depth is equal to the
summation of distances traversed by the biopsy needle inside (i) the
needle guide of the probe and (ii) in the tissue to target the lesion.
The distance traversed inside the probe's needle guide is fixed for
Mode-1 and Mode-Il and is dependent upon the design of the probe
used during biopsy. Whereas inside the tissue, the distance traversed
by the biopsy needle along the planned trajectory is computed from
the point the needle exits the probe till the slit of the biopsy needle
(on which the cutting cannula slides) covers the targeted lesion. The
slits enable collection of samples <10 mm in length, and the needle
has markings at regular intervals that assist the operator to visually
measure the distance on the needle and manually insert it into the
probe. While inserting the needle in the tissue, deflection of the
needle cannot be avoided but can be reduced by following certain
approaches.®° Stone et al. achieved no deflection in 2-6 cm of biopsy
tissue length on a phantom by using a 3-point trocar tip on the needle
with a 20° vet tip on the cutting cannula.3® Another potential
approach, though demonstrated

in transperineal prostate in-

terventions, involves a robot controlling the pose of the needle guide,

d®2%% and steered®*

and the needle is continuously sense: while being
inserted to minimize the deflection.

Lastly, a prostate biopsy must consider tissue deformation as the
probe is being maneuvered inside the rectum. This aspect was not
tested in these studies. However, we believe tissue deformation can be
addressed by acquiring a new set of real-time MR images after every
step when the operator actuates the manipulator/probe and propa-
gating the landmarks from the previous step using computational
methods. As shownin Figure 5, the operator moves the probe's proxy in
the software to target the region for a biopsy and then sends an
actuation command to the manipulator to move the probe to the proxy

position. The manipulator is actuated which moves the physical probe.
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FIGURE 5
deformation before performing a biopsy

Then, anew set of images are reacquired, depicting the true pose of the
physical probe in the software. In the newly acquired set of images, any
tissue deformation caused by the motion of the probe or patient
movement can be observed by the operator. It should be noted that
after manipulation of the probe, the targets identified during the initial
planning stage on the MR images need to be propagated in subsequent
stages onto the newly collected MR images. This could be achieved by
incorporating non-rigid registration algorithms in the software. These
image registration algorithms are based on computational approaches
that use non-linear warping,3 b-spline mapping,®® mutual information

37,38

registration and finite element models.®%° The operator re-ana-

lyses the biopsy-needle trajectory on these images using the software,

Imaging, planning and intervention steps of the clinical workflow creates a loop that allows the operator to assess the tissue

and if the biopsy needle will hit the target, the operator manually in-
serts the biopsy needle into the probe and takes a tissue sample.
Otherwise, the operator again moves the probe's proxy in the software
(which is reset to the current pose of the physical probe) to target the
region for biopsy. This creates a loop which allows the operator to
assess the tissue deformation before performing a biopsy. It should be
noted that during the step when an operator manually inserts the bi-
opsy needle for tissue sampling, tissue deformation may occur by
needle insertion and biopsy gun firing. Studies have shown that biopsy
samples can still be obtained for tumors with minimum radius of 2.1
mm with 95% confidence under the assumption of zero error else-
where in the biopsy system.*!
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Among the metrics used to compare 2D versus 3D interfaces
was the accuracy of the virtual biopsy in the computer-generated
environment. These results were important in quantifying user per-
formance and assessing the relative value of the two interfaces in
those specific studies. However, the reported accuracies resulted
from these virtual studies, that is, in the left column of Figure 4, can
be under the errors encountered in MRI guided interventions due to
image pixel size, as well as errors in segmentation and registra-
tion.1%12141% While the accuracy metrics are meaningful in
comparing the two interfaces, their absolute numerical values relate
to spatial resolution images and conditions. In these studies, the
generated interventional scenes were based on phantom MR images
collected with a pixel size of 0.625 x 0.625 mm. While this is a finer

resolution than many studies,'*21419

studies with manipulators use
finer pixel sizes with MRI, especially at higher field scanners such as
0.9 mm.*?

The generic design of the manipulator for these studies was
inspired by previous works.*> Y7 In these manipulators, the actua-
tions comprise of a set of translation and rotation motions to position
a probe inside the rectum; this probe is then used to guide a biopsy
needle to the targeted lesion. In our studies, the in-house developed
software system was especially tuned to simulate a two rotational
degrees-of-freedom transrectal manipulator that carries and posi-
tions the needle-like instrument. This is a rather generic kinematic
structure encountered in most distal ends of transrectal systems. It is
noted that the underlying code can be configured to replicate and
simulate any manipulator by entering the appropriate kinematic
solutions of the studied manipulator and adding the corresponding
joint controls.

In the current studies, 2D/3D scenes of the software were
rendered on an LCD screen and no additional cues for planning were
provided to the operator. Future user studies will focus on investi-
gating emerging techniques for interfacing the operator with the 3D
imaging data to enhance image-guided interventions. Specifically, we
consider assessing the practical value of including visual and force-
feedback cues in the interface for interactively constraining the
motion of an interventional probe to avoid injury to vital or healthy
tissue, as demonstrated before.**~*> Moreover, our team is currently
pursuing the incorporation of holographic interfaces for immersive

46,47

visualization of multimodal data; and upon completion of its

development, we will pursue additional user studies.

5 | CONCLUSIONS

This study describes a transrectal MR-guided prostate biopsy plan-
ning software and reports outcomes from end-user (urologists)
studies. As the software acts as an interface between the operator
and the biopsy system, the operator's ability to perform an accurate
and safe biopsy depends crucially on the information rendered in the
environment generated by the intervention planning software. These
studies demonstrated that conventional 2D visualization of imaging

data is more intuitive for urologists as compared to 3D, although it

has limitations for certain modes of operation. Urologists with
experience in 3D environments performed considerably better,
independently of the urologist's medical experience. Ultimately, the
results contrast 2D versus 3D visualization environments under
different operational modes (side-firing or end-firing) of a biopsy
system. These insights can be used for designing different features of
an interventional planning software.
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