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Abstract: At present, the incidence of prostate cancer (PCa) in men is increasing year by year. So, the
early diagnosis of PCa is of great significance. Transrectal ultrasonography (TRUS)-guided biopsy is
a common method for diagnosing PCa. The biopsy process is performed manually by urologists but
the diagnostic rate is only 20%—-30% and its reliability and accuracy can no longer meet clinical needs.
The image-guided prostate biopsy robot has the advantages of a high degree of automation, does not
rely on the skills and experience of operators, reduces the work intensity and operation time of
urologists and so on. Capable of delivering biopsy needles to pre-defined biopsy locations with
minimal needle placement errors, it makes up for the shortcomings of traditional free-hand biopsy and
improves the reliability and accuracy of biopsy. The integration of medical imaging technology and
the robotic system is an important means for accurate tumor location, biopsy puncture path planning
and visualization. This paper mainly reviews image-guided prostate biopsy robots. According to the
existing literature, guidance modalities are divided into magnetic resonance imaging (MRI),
ultrasound (US) and fusion image. First, the robot structure research by different guided methods is
the main line and the actuators and material research of these guided modalities is the auxiliary line to
introduce and compare. Second, the robot image-guided localization technology is discussed. Finally,
the image-guided prostate biopsy robot is summarized and suggestions for future development are provided.
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1. Introduction

Globally, prostate cancer (PCa) is the fifth leading cause of cancer mortality in men and the second
most common cancer type with more than 900,000 new cases of PCa each year [1]. The urologist
performs a puncture biopsy of the prostate based on a positive digital rectal examination (DRE) and
elevated prostate-specific antigen (PSA) levels in the patient to definitively diagnose PCa [2].
Prostate biopsy is a method in which urologists use a biopsy needle to collect tissue samples from a
specific area of the prostate for the diagnosis of PCa which is very important for the early detection
of PCa.

At present, clinical urologists usually choose two methods for prostate biopsy: one is a transperineal
prostate biopsy (TPPB) and the other is a transrectal prostate biopsy (TRPB) [3]. That is, the biopsy
needle can enter the prostate through the perineal or rectal access, as shown in Figure 1 [4]. In TPPB,
the patient is placed in the lithotomy position, requiring general anesthesia and a longer needle path
resulting in higher biopsy cost, increased patient discomfort and longer duration of biopsy. But TPPB
can insert multiple needles at the same time and can retrieve more tissue from the surrounding area of
the prostate [5]. In TRPB the urologist needs to apply anesthesia to the local area of the patient’s rectum
and place the patient in the lithotomy or lateral decubitus position. In contrast to general anesthesia,
patients experience pain during the biopsy and may experience complications such as rectal infection
and bleeding [6]. The study by Emiliozzi et al. [7] showed that TPPB was more effective than TRPB
in detecting PCa. In clinical practice, image guidance is usually used to assist doctors in biopsy surgery.
Compared with traditional blind insertion of biopsy, it can avoid damage to surrounding normal tissues
and improve the accuracy of PCa detection. This article uses MRI-guided TRPB as an example to
illustrate, the simplified process as follows: At present, many advanced medical institutions conduct
multi-parametric MRI (mpMRI) scans on patients before performing biopsies to identify suspicious
areas in the prostate. Urologists make biopsy plans based on the scan results. mpMRI is an advanced
imaging technology that can provide doctors with more accurate and comprehensive diagnostic
information than traditional MRI imaging technology. After the mpMRI scan is complete, the doctor
cleans and sterilizes the biopsy equipment, administers local anesthesia to the patient and places the
patient on the MRI scanner table. Subsequently, the urologist inserts the MRI-compatible biopsy
device into the patient’s rectum and scans the patient with MRI. The doctor observes the relative
position of the biopsy needle and the target point, controls the insertion depth and direction of the
biopsy needle, repeats the above steps to complete the biopsy plan and obtains multiple biopsy samples
from patients for pathological evaluation.

Since the introduction of transrectal ultrasound (TRUS)-guided sextant prostate biopsy by
Hodge et al. [8§] TRUS-guided biopsy has become the main method for PCa diagnosis due to its low
cost, dynamic real-time imaging and ease of use. At present, TRUS-guided urologists manually
operating biopsy needles and ultrasound probes is the gold standard of prostate biopsy technology [9].
However, TRUS image resolution is low and the biopsy process is blindly operated by urologists which
completely depends on their experience and skills. Manual operation sometimes shows uncertainty [10].
Errors in centimeters are common in clinical practice [11]. Other than that, it is limited by the low
sensitivity of 60% cancer detection. As a result, the diagnostic rate of patients with PSA values of 4-10
ng/ml was only 20%-30% [12,13]. Moreover, urologists usually need to perform more than two
biopsies on the patient to be able to diagnose PCa which brings great pain to the patient [ 14—16].
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Figure 1. Biopsy needles enter the prostate (A) TP and (B) TR [4].

In traditional prostate biopsy surgery, the low soft tissue resolution of the US image may lead to
a missed diagnosis or repeated biopsy problems which not only causes unnecessary harm to patients
but also delays the optimal timing of treatment. In addition, the biopsy process is performed manually
by urologists which requires the doctor to have a certain degree of experience in the operation which
greatly limits the reliability and accuracy of the biopsy [17]. A clinical study by Blumenfeld et al. [18]
demonstrated a manual targeting accuracy of only 6.5 mm for biopsy. However, the placement plan of
seeds in brachytherapy is based on biopsy results so biopsy requires higher precision and accuracy. In
clinical practice, due to the low diagnostic rate of traditional biopsy, doctors may over-treat patients to
control the progression of cancer resulting in complications such as impotence and urinary
incontinence [19].

Magnetic resonance imaging (MRI) has a high contrast of soft tissue and high accuracy in
detecting PCa. However, due to its slow imaging speed, limited workspace and the need for good MRI
compatibility of biopsy equipment the cost of using MRI alone to guide prostate biopsy is high [20].
However, MRI-TRUS fusion image guided biopsy can combine the high sensitivity of MRI in
detecting PCa with the advantages of TRUS low-cost real-time imaging and has high accuracy in the
localization and detection of PCa [21,22]. At present, MRI-TRUS fusion image guided prostate biopsy
is increasingly used in patients who are highly suspicious of PCa but the operating software used in
each biopsy platform is different [23]. The research of Hanske et al. [24] shows that the operation
software based on elastic fusion has higher accuracy in detecting PCa than that based on rigid fusion.
Shoji et al. [21] showed that in the patients of the prostate imaging and reporting and data system 5
(PI-RADS 5), the detection rate of the use of flexible fusion operation software PCa was 80%. Zhang
et al. [25] showed that in patients with PI-RADS >= 3, MRI-TRUS fusion image guided biopsy has a
higher PCa detection rate than systematic biopsy.

At present, robots are successfully applied in many fields of human diseases [26,27]. The use of
robot assisted urologists for prostate biopsy can make up for many shortcomings of traditional biopsy
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procedures. One of the biggest advantages is accuracy. The puncture point and biopsy point can be
defined and the puncture path can be planned by creating a three-dimensional model through
preoperative images. The path error can be compensated in real time during the operation and human
error can be reduced during the operation, reaching the preset point with minimum placement error of
the biopsy needle [11]. Compared with manual biopsy, the use of robot-assisted prostate biopsy allows
the biopsy needle to reach the biopsy site with minimal placement errors not depending on the doctor’s
experience and skills [11] which greatly improves the accuracy and reliability of the biopsy. A clinical
trial study by Tokuda et al. [28,29] showed that prostate biopsies performed using a robot had higher
targeting accuracy than those performed manually under the same conditions and environment.

MRI-guided prostate biopsy procedures have been reported to take anywhere from 55 minutes to
two hours depending on the technical proficiency of the urologist, the patient’s specific situation, etc. [30].
The main problem with performing biopsies manually is that each biopsy requires moving the patient
out of the MRI hole twice which not only makes the prostate biopsy procedure last longer but also
results in less accurate placement of the biopsy needle due to patient movement which may result in
the patient needing repeat biopsies [31]. The use of a fully actuated robot speeds up and simplifies the
biopsy procedure, eliminating the need to remove the patient from the MRI hole during the procedure
and reducing the time required for the prostate biopsy procedure [10,32,33]. Patel et al. [34] made a
clinical evaluation of the MRI-guided prostate biopsy robot designed by his team. The clinical test
results show that the operation duration of obtaining two biopsy samples from patients by this robot
system is 19 minutes and the positioning accuracy is higher than that by manual operation. As a result,
more patients can be diagnosed in the same amount of time with a robot-assisted urologist performing
a prostate biopsy. It also frees up the hands of the urologist, reducing the labor intensity of urologists
and the pain of patients and increases the accuracy of biopsy.

Structure of the review article

Section 1 : Introduction / . . . . ‘ /Section 4 : Image-guided positioning technology
Section 2 : Review method Bittm )3 e e pronEie by el for prostate biopsy robot

| Section 5 : Conclusion and outlook |

—» 3.1 : MRI-guided prostate biopsy robot 4.1 : MRI

> 42:US

> 4.3 : Fusion image

Ly

—» 3.2 : US-guided prostate biopsy robot

>

>

Ly

—»- 3.3 : Fusion image-guided prostate biopsy robot

Figure 2. A chart representing the structure of the review article.

From the above analysis, it can be seen that the image-guided biopsy robot has the advantages of
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a high degree of visualization and automation, does not rely on the skills and experience of operators,
avoids medical accidents caused by human error, reduces the work intensity and operation time of
urologists and so on. This ensures patient safety and improves the reliability and accuracy of biopsy
operations. In summary, the use of image-guided robots instead of manual biopsy operations is an
inevitable trend in the future. The ultimate purpose of this article’s research is to present the reader
with research advances and technical trends in image-guided prostate biopsy robotics to help the reader
with more in-depth research. To facilitate quick reading, the overall structure of this paper is shown in
Figure 2. The main contributions of this paper are outlined as follows:

1) MRI, ultrasound (US) and image fusion are the main medical image guidance modalities for
prostate biopsy robots and this paper provides a quantitative literature review of the technologies and
principles of the three medical image-guided prostate biopsy robotic systems.

2) As actuators and materials are the main differences between different image-guided robots, this
paper presents and compares the actuators and materials of different types of image-guided robots.

3) Image-guided positioning technology is one of the main research directions for prostate biopsy
robots which is analyzed and discussed in this paper.

4) This paper summarizes the research progress of prostate biopsy robots and looks forward to
the future development trend.

2. Review methods

In this paper, we used percutaneous, prostate biopsy, image-guided and puncture as index terms,
each of which contains the word robot. The periodical publications and conference papers of image-
guided prostate biopsy robot system published in the databases of Engineering Village, IEEE Xplore,
Web of Science, PubMed, Google Scholar, Science Direct and Elsevier from 1995 to 2023 were
reviewed quantitatively. The reason for choosing this time range is that in April 1995, the robot-assisted
urologist was used for the first time to perform prostate biopsy on patients. In order to limit the scope,
the following contents are excluded from this quantitative article review including patents, unpublished
commercial systems, surgical training simulators and the interaction between biopsy needles and soft
tissues during the biopsy. The reason the patent is not included is that it only contains the system design
of the prostate biopsy robot and there is no necessary information such as the compatibility of clinical
trial results with imaging to understand the overall usability of the system.

3. Image-guided prostate biopsy robot

Since the success of the first clinical trial in 1995 by Rovetta et al. [10] of the Politecnico di
Milano using a robot to perform the prostate biopsy in a patient, researchers have made great progress
in the development of a robotic for prostate biopsy, As shown in Table 1.
3.1. MRI-guided prostate biopsy robot

3.1.1. Robot structure

During MRI-guided prostate biopsy, patients need to frequently enter and exit the imaging space
which affects the accuracy of tumor localization and greatly reduces the reliability of the biopsy. The
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use of robotic-assisted prostate biopsy could eliminate the need to move the patient out of the imaging
space, simplifies the biopsy procedure and provides higher biopsy accuracy. However, due to the
limited internal space and working space of the MRI hole coupled with the limitation of the high-
intensity magnetic field, the design of the robot requires a small footprint and good MRI compatibility.
The prostate biopsy robot structure for MRI-guided is shown in Figure 3.

In 2005, Fichtinger et al. [35] designed a 3-degree-of-freedom (DOF) prostate biopsy robot
system called ATP-MRI. The needle guide in the system contains two needle channels for the proximal
and distal portions of the prostate. This is the first successful robotic prostate biopsy system that
combines MRI imaging and tracking coils for real-time localization of anatomical structures during
the biopsy. The advantage of this device is that it allows multi-angle needle insertion, increasing the
flexibility of the biopsy procedure. However, the ATP-MRI is a manual prostate biopsy device and the
accuracy of the biopsy depends on the operator’s proficiency. Its in vivo clinical in-plane displacement
error is 1.8 mm and the system is in phase I clinical trials for prostate biopsy [36,37]. In 2010, Krieger
et al. [32] used a similar mechanism to the APT-MRI manipulator, combining drive needle alignment
with manual needle insertion through a drive needle guide, reducing the intervention time for biopsy
procedures and improving biopsy needle placement accuracy. In 2011, the team designed a 6-DOF
robotic system called APT-II using a hybrid tracking approach which solved the problem of needing
to customize the active tracking MRI scanner sequence in the APT-MRI system, simplifies the
workflow and makes APT-II system error and operation time lower than APT-MRI system [38]. This
system can be used on any MRI scanner without extensive system integration and calibration. In 2013,
the team proposed the APT-III system. Based on APT-II, a 2-DOF piezoelectric ceramic motor-driven
needle guide was designed and manual biopsy needle insertion is performed after positioning along
the desired trajectory [39]. Subsequently, the team Bohren et al. [40] designed the APT-IV virtual
prototype, adding a drive needle insertion module to the APT-III system. It reduces the workload and
human intervention of the urologist during the procedure, enhances the automation of the ATP system
and effectively improves the accuracy of the biopsy procedure but this system is still in the virtual
prototype stage and needs to be further developed for use in the clinic.

In 2007, Elhawary et al. [41,42] developed a 5-DOF prostate biopsy robotic system based on a
modular design, each module consisting of a 1-DOF stage with actuators and position coding device.
To improve the localization accuracy of the system within the MRI scanner, a real-time device with
passive micro-coil markers was used to track the position and orientation of the needle in three
dimensions thereby improving patient safety during prostate biopsy procedures. In 2010, the team
achieved real-time image guidance during prostate biopsy through the development of an imaging
pulse sequence [43]. Capable of positioning and driving within the scanner’s field of view close to the
patient without affecting the imaging quality of the MRI scanner but also providing real-time tracking
of end-effector positions and updating of scan plane images, enabling biopsy needle trajectories and
target anatomy dynamic updating of structures. The advantage of this system is that it provides a clear,
targeted biopsy of the suspected area of the prostate in real time, avoiding the multiple blind insertions
of conventional TRUS guidance. However, this system is more expensive and the biopsy procedure
takes longer.

In 2008, Goldenberg et al. [44,45] designed an MRI-guided 6-DOF prostate biopsy robotic
system. The advantages of the robot are its lightweight and compact structure. Its tip position error is
less than 2 mm and the prostate biopsy can be performed in the MRI hole during the operation.
However, due to the obvious noise generated by the motor operation, image artifacts occurred in this
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system during the biopsy process which affected the accuracy of the biopsy and increased the duration
of the operation.

In 2008, Fischer et al. [46—48] designed a 4-DOF prostate biopsy robotic system consisting of
two sets of linkages. The robot is installed on a manual linear slide rail to quickly collect prostate
biopsy tissue. This system uses a pneumatic drive that has better MRI compatibility and the patient
does not need to be moved out of the imaging space during the biopsy process which has a similar
surgical process to traditional TRUS-guided prostate biopsy. In addition, the team also conducted a
comprehensive evaluation of the system’s working space, placement accuracy, MRI compatibility and
workflow and the evaluation results show that the system has good MRI compatibility. However, its
software interface and control system needs to be further improved to shorten the operation time and
enhance the targeting accuracy of biopsy.

In 2010, Schouten et al. [49-51] developed a 5-DOF prostate biopsy robotic system made of
plastic, the first robotic system for real-time MRI-guided needle positioning. The advantage of this
system is that it can be controlled remotely and a safety mechanism is built into the needle catheter
which effectively improves the safety of the biopsy process. The team performed risk analysis,
mechanical testing and RF safety testing related to needle tip heating and also assessed the MRI
compatibility, accuracy and speed of the system, showing that this system meets patient safety
requirements, effectively reduces procedure time and has good MRI compatibility. However, the size
of the robot is large, the needle tip cannot completely cover the patient’s prostate during the biopsy
process and the targeting accuracy is not high.

In 2010, Song et al. [52] designed a 4-DOF prostate biopsy robot system based on a modular and
damping mechanism, using a mechanism with external damping synchronously and optimizing the
working space to solve the problem of poor robot controllability. The advantage of this system is that
it takes up less space but has lower target positioning accuracy. That same year, the team tested the system’s
MRI signal-to-noise ratio (SNR) and detailed the overall procedure and system integration [53]. In
order to improve the system accuracy, optimize the workspace and shorten the operation time, in 2012,
the team added a 1-DOF master-slave needle driver module on top of the robot to realize the remote
operation of the robot system. On this basis, the team evaluated the accuracy of the system and solved
the disinfection problem of the robotic system [28,31,54]. To reduce the number of times the patient is
removed from the scanner during biopsy procedures and to continuously compensate for positioning
errors caused by needle-tissue interaction. In 2016 the team developed a 2-DOF needle steering module
to integrate it with a previously proposed robotic system [52]. The needle-steering module employs
fiber Bragg grating (FBG) force sensors to address the inherent friction of piezoelectric actuators. The
system can be controlled by the urologist through a teleoperation method. The positioning error was
reduced from 4.2 millimeters to 0.9 millimeters compared to the system previously proposed by the
team [55,56].

In 2012, Su et al. [57] designed a 6-DOF prostate biopsy robotic system based on a modular
design. The system consists of a modular 3-DOF casing driver with a fiducial tracking frame and a 3-
DOF-driven Cartesian platform. It enables MRI-guided placement of a curved, steerable active cannula
and allows simultaneous cannula movement and imaging. This system has the advantage that the
puncture path can be changed in real time during the procedure but image artifacts may occur. In 2013,
the team designed a bending mechanism with an integrated Fabry-Perot interferometric (FPI) sensor
fiber for measuring needle insertion force and integrated it into the original robotic system, performing
finite element analysis to optimize its correct force-deformation relationship [58]. In the same year,
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the team conducted phantom experiments to evaluate the feasibility of the system’s workflow and the
flexibility of the modular design approach [59].

In 2013, Eslami et al. [60] designed a 4-DOF prostate biopsy robot consisting of two anterior and
posterior parallel trapezoidal platforms, each with 2-DOF. Compared with the basic robot designed by
Song et al. [52,53] the team replaced the pneumatic actuation with a non-magnetic ultrasonic motor
and the trapezoidal-link mechanism in the system replaced the original triangular mechanism. As a
result, the lateral displacement is converted into vertical motion, the overall size of the system is
reduced and better control performance and accuracy are obtained but the overall manufacturing error
of the robot is larger which affects the target positioning accuracy to some extent. To reduce the
positioning error of the needle tip and ensure the rigidity of the needle entry structure, the team made
corresponding improvements and designs at the weak points of the structure through finite element
analysis of the structure. Subsequently, the team lowered the height of the front and rear platforms by
about 26 mm which solved the interference of this manipulator with the legs and retained the same
working space [61]. In 2015, the team designed an MRI-compatible 3-DOF biopsy needle driver. The
basic robot and the biopsy needle driver can be sterilized separately. Since both the patient and the
robot remain in the MRI scanner bore during the biopsy, there is no need to move the patient out of the
imaging space thereby reducing the time required for clinical biopsy procedures and improving biopsy
accuracy [33,62]. In 2016, the team designed a multi-DOF robot drive system controlled by one motor
driving, effectively reducing the number of motors required for the robot system [63]. In 2019, based on
the original robotic [15,61], the team developed a 4-DOF prostate biopsy robotic system based on a
modular approach [34]. The team describes the clinical workflow, and the system has received
Institutional Review Board (IRB) approval for clinical trials, using phantom testing to yield two target
localization errors of 4.0 mm and 3.7 mm, respectively. However, the needle of this system requires
manual insertion which is time-consuming.

In 2014, Stoianovici et al. [64] developed a 3-DOF prostate biopsy robotic system called MRI-
Safe in which 2-DOF was used to position the needle guide and 1-DOF was used to remotely preset
the needle insertion depth. Needle insertion and biopsy are performed manually and the device assists
physicians with biopsy by automatically positioning the biopsy needle on the target and setting the
depth of needle insertion under MRI-guided. Since the robot is made of non-magnetic, non-conductive
materials and uses a pneumatic drive, this system has the advantage of good MRI compatibility and
can be used safely in MRI environments but the robot structure is less rigid. In 2018, the team designed
a manipulator with a remote center of motion (RCM) parallelogram structure. Compared with the
original manipulator [64], the structural rigidity and lateral clearance of the patient were greatly
improved which is more in line with the expected clinical prostate biopsy workflow [65]. In 2015,
Chen et al. [66] developed an MRI-guided 5-DOF prostate biopsy robotic system based on pneumatic
actuation. Each part was tested and confirmed to be non-magnetic before robotic assembly and this
system has good MRI compatibility. Compared with the ATP-MRI robotic system [35], this system has
a more flexible needle trajectory and a larger working space.

In 2016, Stoianovici et al. [67] developed a 6-DOF prostate biopsy robotic system consisting of
a parallel link structure. This system is pneumatically driven. When a malfunction occurs during the
surgical process, the power supply of the pneumatic valve is disabled to ensure the patient’s safety.
The insertion of the biopsy needle is performed manually by the physician and the system is approved
by the Food and Drug Administration (FDA) for use in the MRI setting. In 2017, the team conducted
a feasibility and safety study of the system on five patientst The advantage of this system is that it has

Mathematical Biosciences and Engineering Volume 20, Issue 8, 15135-15166.



15143

good MRI compatibility and allows safe and accurate manipulation of the robot in the MRI
environment. However, the biopsy process is time-consuming [68].
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In 2022, Aleong et al. [69] designed a modular 6-DOF prostate intervention robot system guided
by MRI. The robot consists of a base, an arm and an end-effector, all parts of which are made of MR
safe material and have good MRI compatibility. The advantage of this system is the small footprint
and the ability to perform multiple non-parallel needle insertions under real-time MRI guidance with
each needle being able to be angled to completely cover the prostate, compared to other robotic systems
that insert parallel needles. However, needle insertion requires manual manipulation by the urologist
and requires the patient to be moved out of the imaging space during the procedure which increases
the procedure duration and needle placement errors to some extent.

In 2022, Biswas et al. [70] designed an MRI-guided 4-DOF prostate robot prototype consisting
of a stack of four parallel disks. The advantage of this prototype is that it has high structural rigidity
and can be tilted + 15° during needle insertion to avoid vital organs and sensitive tissues and completely
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cover the patient’s prostate. However, this prototype is currently driven by a DC motor which has poor
MRI compatibility and cannot perform biopsy operations in an MRI environment. It needs to be
replaced with an MRI-compatible piezoelectric motor in further development and tested for MRI
compatibility. In addition, the controllability of the needle during puncture is poor which reduces the
accuracy of the biopsy to a certain extent.

3.1.2. Actuators

In the MRI environment, traditional electromagnetic induction motors cannot be used in actuators
for prostate biopsy due to the high density of the magnetic field and the limited space in the bore. The
actuator is required to have a compact size and non-magnetic properties and cannot affect the imaging
quality of the scanner such as the difference in magnetic susceptibility of surrounding objects and
metals leading to image artifacts caused by magnetic field interference [71]. This paper summarizes
the driving methods of the MRI-guided prostate biopsy robot including pneumatic, hydraulic and
piezoelectric driving methods.

Pneumatic actuation. Pneumatic actuation is widely used in industrial and medical equipment
due to its low maintenance and low cost [72]. Both pneumatic and hydraulic drives are fluid drives and
both require larger pumps, resulting in more complex systems [73]. Compared with hydraulic drives,
pneumatic drives have better connectivity and cleanliness [74]. Pneumatic actuation uses compressed
air to drive biopsy robots and has good MRI compatibility. But the control precision is lower due to
the compressibility of the air in the classic pneumatic drive. However, biopsy robots require high
positioning accuracy so pneumatic actuation requires precise servo control and expensive proportional
valves. In 2007, Stoianovici et al. [67,72] developed a pneumatic stepper motor (PneuStep) with optical
sensor coding for a 6-DOF biopsy robot system which is driven by a pneumatic drive to generate
pulsed pressure to drive the motor to work without electricity intervention with good MRI
compatibility. Compared with the traditional pneumatic drive, PneuStep greatly improves the control
accuracy but the price is relatively expensive. In 2007, Plante et al. [75,76] developed a robotic system
for prostate biopsy using a dielectric elastomer actuator (DEA) with 12 DEA actuators to operate within
the MRI cavity. The team evaluated the prototype of the system in an MRI environment with an average
positioning error of 3 mm. The experimental results show that the system has good MRI compatibility
but there are problems such as insufficient reliability and driving force in the biopsy process. In 2009,
in order to improve the driving force and reduce the structural size of this system, the team replaced
DEA with 12 pneumatic air muscles (PAM) of similar cost. Compared with the original system, this
system has greater rigidity and working space. The positioning error is 3 mm which meets clinical
needs [77-79]. In 2012, to improve the positioning accuracy of the system, the team updated the 12
PAMs in the system to 20 PAMs and verified through experiments that the closed-loop error of the
system under MRI guidance was less than 0.5 mm [80,81].

Hydraulic actuation. The hydraulic actuation can reasonably design the pipeline according to the
requirements of the system and has the advantages of good MRI compatibility and stable transmission.
However, it is rarely used in prostate biopsy robotic systems due to its fluid leakage and cavitation
problems [82].

Piezo actuation. Piezoelectric actuation is also called ultrasonic drives. Different from
electromagnetic induction motors, piezoelectric motors are made of non-magnetic ceramics.
Piezoelectric drive and pneumatic drive are the main driving methods used in prostate biopsy robots.
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Compared with the pneumatic drive, the piezoelectric drive has significant advantages such as compact
structure, scalability and easy control [74,83]. However, piezoelectric driving requires high-frequency
pulse voltage to generate sufficient driving force and the control circuit has electrical noise which can
cause serious image artifacts [84]. Piezo drives can only be used in an MRI environment when the
piezo motor is a safe distance from the MRI bore or properly shielded [82]. In order to reduce the
electrical noise of the control circuit, Su et al. [85] designed a 6-DOF prostate biopsy robot system
in 2014. This system uses a piezoelectric driver and designed a low-noise driver board. The phantom
test results show that the system has good MRI compatibility. To make the piezoelectric motor have a
certain safe distance from the MRI bore, the researchers used long-distance transmission. The most
commonly used method is cable transmission. In 2019, Velazco-Garcia et al. [86] designed a 4-DOF
robotic virtual prototype for prostate biopsy based on cable transmission. To meet the requirements of
different hospitals, this prototype adopts a modular design.

3.1.3. Material

Due to the limitation of the strong magnetic field in the MRI environment during the MRI
scanning process, the incorrect selection of robotic materials will affect the imaging quality of the
scanner and produce image artifacts. Therefore, the use of ferromagnetic materials is prohibited. The
selection of MRI-compatible materials must have non-magnetic and dielectric properties [87]. MRI-
guided prostate biopsy robots usually use materials with good MRI compatibility such as high-strength
plastics, titanium and ceramics.

3.2. US-guided prostate biopsy robot
3.2.1. Robot structure

US imaging has the advantages of low cost and good dynamic real-time imaging capability.
Urologists need to constantly adjust the TRUS probe manually to make the US image clear enough
during the biopsy operation but the manual operation of the TRUS probe and the biopsy needle is less
safe. However, a robot-assisted prostate biopsy can reduce the work intensity of urologists and improve
the reliability of biopsy procedures. The prostate biopsy robot structure for US-guided is shown in
Figure 4.

In 2005, Phee et al. [11,88] designed a 9-DOF prostate biopsy robot system. In this system, the
gantry structure, the TRUS probe and the control of the biopsy needle all have 3-DOF. This system
can collect continuous two-dimensional (2D) images of the patient’s prostate by controlling the TRUS
probe to create a three-dimensional (3D) model. Pre-biopsy, urologists can use this system to define
the biopsy point and needle entry point within the 3D model and predict the required trajectory of the
biopsy needle during the biopsy. Manual biopsy of the prostate is performed on the patient with the
aid of this system if the doctor considers the results to be feasible. The advantage of this system is that
multiple core biopsies can be performed at a single puncture site but the accuracy of the biopsy is more
dependent on the proficiency of the urologist.

In 2009, Ho et al. [89,90] designed a US-guided 6-DOF prostate biopsy robotic system which
consisted of a gantry equipped with a positioning system, a gun holder for fixing the biopsy gun and
needle and a TRUS probe holder. To ensure the biopsy needle can reach any position of the prostate
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and reduce the risk of urethral injury, the system uses TP combined with the proposed bipyramidal
approach for prostate biopsy. The advantages of this system are that it is highly safe, does not damage
the patient’s urethra during the biopsy and has a reproducible accuracy of < 1 mm. However, it is still
in the phantom test phase and actual tissue models still need to be used to verify the accuracy of the system.

In 2012, Zhang et al. [91] designed a miniature cartesian type 5-DOF prostate biopsy robot based
on TRIZ theory, determined the structural design scheme through TRIZ theory and improved the
function of the needle insertion system. However, this robot is still in the virtual prototyping design
phase and its feasibility needs to be verified by further practical experiments. In the same year, Long
et al. [92] developed a US-guided 7-DOF prostate biopsy robotic system named Prosper. The robot
consists of a biopsy needle insertion module and a location module. This system with needle rotation
and angled insertion has the advantage that for the first time intraoperative tracking of prostate motion
has been achieved, improving biopsy accuracy. However, targeting on the left side of the prostate is
low and still needs further improvement.

In 2013, Poquet et al. [93] designed a US-guided 6-DOF prostate biopsy robotic system called
Apollo. Based on the concept of cooperative operation, this system has two operation modes free and
blocked to meet the needs of urologists in different situations. Apollo adopts a hybrid drive mode,
using motors and brakes for the first three joints and the rear three joints respectively. The experimental
results in vivo and in vitro show that the robot has high positioning accuracy for a given direction and
position in the locked mode and conforms to the doctor’s operating habits in the free mode [94,95].
In 2016, the team conducted a trial of TRPB in 10 patients and the results showed that urologists
were significantly more accurate with the Apollo-assisted prostate biopsy than without the Apollo-
assisted [96]. However, this system does not have automatic updating of the ultrasound probe position
and requires human intervention which reduces the accuracy of needle tip positioning to some extent.

Ml __Typical workspace

for the probe axis . .\ y
during a biopsy ; 4 /" RT driver with

= ’ / cable transmission

, Probe holder

RCM module

Figure 4. Prostate biopsy robot for US-guided proposed by (A) Phee et al. [88] (B) Ho et
al. [89,90] (C) Long et al. [92] (D) Poquet et al. [93] (E) Lim et al. [97].
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In 2019, Lim et al. [97] designed a US-guided 6-DOF prostate biopsy robotic system. The robot
consists of drivers and an RCM module. The RCM module adopts a belt drive and is more compact
than the classic rod-type RCM. The advantage of this system is that the operator can accurately guide
the biopsy needle to the biopsy point through this system whether the operator is skilled in clinical
biopsy. The positioning accuracy of the needle in the clinical trial is about 1 mm and the results show
that this system is very feasible and safe for assisting prostate biopsy. However, this system does not
have a support structure to maintain the patient’s leg posture which to some extent affects the accuracy
of needle tip positioning.

In 2022, Yan et al. [98] designed a US-guided 8-DOF parallel prostate interventional robot
system, which consists of a 2-DOF needle insertion structure, a 2-DOF ultrasound probe
movement structure, and a 4-DOF needle positioning mechanism composition. The advantage of
this robot is that the structural design is relatively compact, and the hidden danger of collision
between the patient and the robot during the operation is eliminated due to the parallel structure.
However, this system is still in the phantom test phase and animal experiments are still needed
to further study its feasibility in clinical operations.

3.2.2. Actuators

Because there is no limitation of the strong magnetic field in the US environment, the driving
device will not affect the imaging of the US scanner so researchers usually use motors for driving.

3.2.3. Material

In the US environment, the material of the robot does not affect the imaging of the US scanner.
In order to meet the required stiffness of the robot and reduce the weight of the equipment, researchers
mostly choose dense materials such as ceramics, aluminum alloys and engineering plastics.

3.3. Fusion image-guided prostate biopsy robot

Clinical studies have shown that MRI-TRUS fusion image-guided biopsy increases the detection
rate of high-risk PCa by nearly 30% compared to non-targeted methods [99]. Since the fusion image
can provide more detailed anatomical information than the single modality image, it can greatly
improve the precision and accuracy of biopsy surgery [100]. At present, fusion image-guided prostate
biopsy robots have attracted great attention from researchers and the prostate biopsy robot structure
used for fusion image guidance is shown in Figure 5.

In 2017, Pisla et al. [101] designed an MRI-TRUS fusion image-guided 10-DOF prostate biopsy
robotic system named BIO-PROS-1. The robot consists of two parallel fully automatic modules that
work together to control the ultrasound probe and biopsy gun respectively. The advantage of this
system is that the urologist only needs to check the reasonableness of the sampling points and supervise
the safety of the system and the robot can automatically select the sampling points for the biopsy
procedure, effectively reducing the duration of the procedure and the labour intensity of the doctor.
However, the control system for this system needs to be further developed. In the same year, the team
carried out the development of the BIO-PROS-1 control system [9] and the verification of the closed-
loop control system [102]. The test results show that the system has high positioning accuracy.
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Subsequently, the team improved the guided ultrasound probe module of BIO-PROS-1 and named it
BIO-PROS-2 so that the robot could easily enter between the patient’s legs [103].

In order to minimize human errors, give robots more autonomy. In 2021, Maris et al. [104]
designed an MRI-TRUS fusion image-guided 5-DOF prostate biopsy robotic system called PROST.
The robot consists of two articulated arms that move along parallel planes. In the planning and
execution phase, the needle guide is automatically executed by the robot and the determination of the
needle entry point and the biopsy point and the insertion of the biopsy needle are completed by the
doctor. The positioning accuracy of PROST is about 1 mm. The advantage of this system is that the
robot has a certain degree of autonomy. However, the needle insertion still needs to be done manually
by the urologist which has not completely eliminated human errors. It is currently in the phantom test
phase and the clinical feasibility needs to be further verified by cadavers experiments.

In 2021, Wang et al. [105] designed an MRI-TRUS fusion image-guided 5-DOF prostate biopsy
robotic system. In this system, the biopsy needle clamping mechanism is designed on the TRUS probe
so that the rotation of the TRUS probe can drive the biopsy needle to complete the yaw movement.
The advantage of this system is that it takes up less space and reduces the number of needle insertions
compared to traditional biopsy procedures. However, this system is still in the phantom test phase and
further experiments with animals are needed to verify the safety and accuracy of the system.

In 2021, Xiao et al. [106,107] designed an MRI-TRUS fusion image-guided 3-DOF prostate
biopsy robotic system. The robot uses a tubular double-roller bending mechanism that allows the
flexible needle designed by the team to rotate and bend simultaneously. This flexible needle is integrated
into a continuous tube, allowing the biopsy needle to bend arbitrarily in the range of 16.0°-55.8°. The
translational movement combined with the bending system can reach any point in the workspace. The
advantage of this system is that it takes up less space, can launch biopsy needles from different angles
and has a shorter needle path. This is the first robot for transurethral prostate biopsy. However, because
the prototype is a double model and has a large size, it cannot be used for clinical transurethral prostate
biopsy at present.

US probe holder

¥ motor box H

Figure 5. Prostate biopsy robot for fusion image guidance proposed by (A) Pisla et al.
[101,102] (B) Maris et al. [104] (C) Wang et al. [105] (D) Xiao et al. [106,107]
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Table 1. Development of prostate biopsy robots.

Year FA Institution M PS NTPA Actuation DOF  Status Reference
2012  Seifabadi Queen’s MRI  Perineum 6 Virtual [31]
University prototyping
design
2010 Krieger Johns Hopkins MRI Rectum 2.4 mm Piezoelectric 3 Phantom [32]
University actuators test
2019  Patel Worcester MRI  Perineum 3.7 mm Piezoelectric 6 Phantom [34]
Polytechnic actuators test
Institute
2005  Fichtinger Johns Hopkins MRI Rectum 1.8 mm 3 Clinical [35]
University patient test
2011  Krieger Johns Hopkins MRI Rectum 1.1 mm 6 Clinical [38]
University patient test
2013  Krieger Johns Hopkins MRI Rectum 2.4 mm Piezoelectric 8 Phantom [39]
University actuators test
2012  Bohren Johns Hopkins MRI  Rectum Piezoelectric 9 Virtual [40]
University actuators prototyping
design
2007  Elhawary University of MRI Rectum 2.3 mm Piezoelectric 5 Phantom [41-43]
Navarra actuators test
2008  Goldenberg  University of MRI Perineum <2 mm Piezoelectric 6 Phantom [44,45]
Toronto actuators test
2008  Fischer Johns Hopkins MRI  Perineum  0.94 mm Pneumatic 4 Phantom [46-48]
University actuators test
2010  Schouten Radboud MRI  Rectum 3.0 mm Pneumatic 5 Phantom [49-51]
University actuators test
2010 Song Johns Hopkins MRI Perineum <0.5mm  Pneumatic 4 Phantom [52]
University actuators test
2016  Seifabadi Queen’s MRI  Perineum 0.9 mm Pneumatic 6 Phantom [55,56]
University actuators test
2012 Su Worcester MRI  Perineum 1 mm Piezoelectric 6 Phantom [57-59]
Polytechnic actuators test
Institute
2013  Eslami Johns Hopkins MRI  Perineum 4 Virtual [60]
University prototyping
design
2015 Li Johns Hopkins MRI  Perineum  0.92 mm Piezoelectric 7 Phantom [62]
University actuators test
2014  Stoianovici  Johns Hopkins MRI  Rectum <2.58 mm Pneumatic 3 Live animal  [64]
University actuators tests
2018 Stoianovici  Johns Hopkins MRI  Rectum 0.645 mm  Pneumatic 3 Phantom [65]
University actuators test
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Year FA Institution M PS NTPA Actuation DOF  Status Reference

2015 Chen Fraunhofer MRI  Rectum Pneumatic 5 Virtual [66]
MEVIS Institute actuators prototyping

design

2016  Stoianovici  Johns Hopkins MRI  Perineum  2.55 mm Pneumatic 6 Clinical [67]
University actuators patient test

2022  Aleong University of MRI Perineum 5 mm Piezoelectric 6 Phantom [69]
Toronto actuators test

2022 Biswas University of MRI  Perineum motors 4 Virtual [70]
Central Florida prototyping

design

2005  Phee Nanyang us Perineum  <2.5 mm 9 Clinical [88]
Technological patient test
University

2009 Ho Singapore us Perineum <1 mm motors 6 Phantom [89,90]
General test
Hospital

2012 Zhang Harbin us 5 Virtual [91]
University of prototyping
Science and design
Technology

2012 Long Grenoble UsS Perineum  2.73 mm motors 7 Phantom [92]
University test
Hospital

2013  Poquet University of us Rectum 3.1 mm motors 6 Clinical [93]
Pittsburgh patient test
Medical Center

2019 Lim Johns Hopkins UsS Rectum 1 mm motors 4 Clinical [97]
University patient test

2022 Yan Harbin Institute ~ US Rectum 1.594 mm  motors 8 Phantom [98]
of Technology test

2017 Pisla Technical MRI  Perineum 1-2 mm motors 10 Phantom [101]
University of -US test
Cluj-Napoca

2021 Maris University of MRI  Perineum 1.30+ motors 5 Phantom [104]
Verona -US 0.44 mm test

2021 Wang Harbin Institute  MRI  Perineum 1.44 mm motors 5 Phantom [105]
of Technology -US test

2021 Xiao Southern MRI  Urethra 1.2 mm motors 3 Phantom [106,107]
University of -US test

Science and

Technology

Note: Abbreviations: FA, First author; IM, Imaging modality; PS, Puncture site; NTPA, Needle tip positioning accuracy; DOF, Degree

of freedom.
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4. Image-guided positioning technology for prostate biopsy robot

In recent years, with the continuous development and improvement of image processing
technology [108—112], it has been widely used in the field of robotics research and one of the important
applications is for lesion localization. The robot obtains the relative position information of itself and
the lesion by processing and analyzing the image to perform more accurate motion control. In addition,
the accuracy of lesion location plays an important role in making preoperative biopsy plans and
intraoperative real-time guidance.

4.1. MRI

MRI is a 3D imaging technique which has the advantages of high soft tissue resolution, no
radiation and accurate display of prostate tissue boundaries. Due to the limited working space and high
magnetic field, the structure of the robot is required to be compact enough to operate in the MRI hole
and the materials and actuators must be compatible with MRI which leads to high design costs for the
robot. The degree of automation and system functions of the robot designed by the researchers are
different and the guidance process is generally summarized as follows: First, the patient is placed on
the MRI scanner table, an initial MRI scan is performed on the patient to locate suspicious tissue and
the urologist makes a biopsy plan based on the MRI images and cleans and disinfects the biopsy
equipment. To realize the automatic biopsy of the robot, it is necessary to register the robot coordinate
system with the MRI image coordinate system so that the two can be unified into the same coordinate
space. Then, the doctor selects a biopsy position and the robot automatically sets the insertion direction
and depth of the biopsy needle according to the biopsy position and automatically places the biopsy
needle through the coordinated movement of the joints. After the setting is completed, the robot
triggers the biopsy device to obtain the patient’s pathological tissue. At the same time, the patient is
scanned by MRI to determine whether the needle reaches the target point. If it fails, the process is
repeated. After completing the above steps, the robot repositions to the next biopsy position and repeats
the above process for subsequent biopsies under the supervision of doctors.

In 2007, DiMaio et al. [113] used a two-step non-rigid registration technique based on finite
element and thin-plate spline techniques to register preoperative 0.5T MRI images with 1.5T MRI
images. On this basis, a prostate biopsy robot-assisted system was developed. This system is visualized
through 3DSlicer. Urologists can identify the tumor location through visualization and make a biopsy
plan before surgery. The phantom test results show that with the assistance of this system, the needle
point positioning error of the robot is within 2 mm.

In 2008, Mewes et al. [114] developed a prostate biopsy robot-assisted system. The system
generates biopsy needle puncture trajectories as well as intraoperative visualization and correction of
biopsy needle puncture paths. In 2010, Tokuda et al. [47] developed a prostate biopsy robot-assisted
system. This system registers the robot to the patient image coordinate system based on the calibration
of the Z-frame and can visualize the 3D puncture trajectory of the intraoperative biopsy needle in real
time. The experimental results show that the registration error is 2.6 mm. In 2015, Patel et al. [115]
developed an intraoperative continuous MRI-guided robotic-assisted system that segmented the needle
tip of the intraoperative MRI image and overlayed the original image to guide the needle path in real
time. The phantom test showed that with the assistance of the system the target positioning error
was 2.5 + 0.47 mm.
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Segmentation of prostate MRI images plays a crucial role in the target location but the complexity
of MRI image structures and the lack of partial anatomy boundaries make accurate prostate segmentation
in MRI images very challenging. To this end, in 2022, Qin et al. [116] combined the statistical shape
model (SSM) with the convolutional neural network (CNN) to propose a two-branch prostate MRI
segmentation model. The first branch uses SSM-Net to generate the prostate border to obtain a border
distance map and the second branch uses ResU-Net to obtain a probability map from the input image.
Perform the optimal weighted sum of the results of the two branches to obtain the final segmentation
result. Experimental results show that the results of dice similarity coefficient and average surface
distance are 0.907 and 1.85 mm respectively which is very competitive with other methods.

In 2023, Wang et al. [117] proposed a two-step CNN model where the first step used a classification
model containing a squeeze excitation module for determining whether the MRI images contained
prostate and the second part used an attention and residual module to improve the U-Net segmentation
model named RAU-Net. Experimental results showed that the values of the Dice similarity coefficient
and true positive rate indices were 0.860 and 0.882, both higher than nnUNets. In the same year, Li et
al. [118] proposed a segmentation model consisting of a contrastive learning module, a generator and
a discriminator to improve the segmentation accuracy of PCa localization and edge recognition.
Among them, the generator adopts the U-Net segmentation model with parallel expansion convolution
module named dila-UNet which effectively improves the positioning ability of the model. The
experimental results show that the Dice, pixel accuracy, intersection over union and 95% hausdoff
distance of the method proposed by the author are 81.1%, 85.3%, 70.8%, and 9.48 respectively.

4.2. US

The US has the advantages of dynamic real-time imaging, no radiation and low cost and is the
preferred method for prostate biopsy. The degree of automation and system functions of the robot
designed by the researchers are different, and its guidance process is generally summarized as follows:
First, the biopsy protocol is selected by the urologist such as the standard systematic 12-core needle
biopsy protocol. Subsequently, the doctor cleans and disinfects the biopsy equipment and mounts the
ultrasound probe on the robot. The ultrasound probe is inserted into the patient’s rectum by a robot and
the ultrasound probe needs to be close to the patient’s rectal wall to obtain a relatively clear US image.
In order to realize the automatic biopsy of the robot, it is necessary to register the robot coordinate
system with the US image coordinate system so that the two can be unified into the same coordinate
space. On this basis, the doctor selects a biopsy location and the robot automatically places the biopsy
needle through the coordinated movement of the joints according to the biopsy location. In the real-
time US image, the biopsy needle appears as a point with echo shadows and the robot automatically
sets the insertion depth and direction of the needle. After the setting is completed, the robot triggers
the biopsy device to obtain the patient’s pathological tissue. After completing the above steps, the robot
repositions to the next biopsy position and repeats the above process for subsequent biopsy under the
supervision of the doctor.

In 2005, Xiao et al. [119] developed a US-guided prostate biopsy assist system written in C++.
This system acquires transverse US image frames with pre-defined spacing from a US scanner and
models the prostate in 3D based on a non-uniform rational B-splines algorithm. The puncture point is
defined by the urologist and the feasible puncture path is established in the 3D scene through this system.
The clinical test results show that the robot’s needle tip positioning error is less than 2.5 mm with the
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assistance of this system which shows the feasibility of this system. In 2011, Baumann et al. [120]
proposed a 3D TRUS-guided prostate biopsy-assist system that employs a coarse-to-fine registration
strategy to rapidly estimate prostate motion during biopsy procedures. In 2014, Abayazid et al. [121]
designed a framework for 3D localization of preoperative targets for prostate biopsy based on US-
guided. This framework combines needle tip tracking algorithms, target localization and control
algorithms. The centroid of the target is obtained from the US image of each frame through image
processing technology. Then, the centroid is input into the control algorithm to guide the orientation
of the needle. In the phantom test with an inclined surface, the average positioning error is 0.85 mm.
In 2018, Busam et al. [122] designed a 3D TRUS-guided prostate biopsy assist system. This system,
based on visual SLAM, does not rely on specific markers and can track the position of the TRUS probe
in real-time during the biopsy.

Due to the fuzzy boundary of the prostate in US images, the low signal-to-noise ratio and low
contrast, this poses a great challenge to the accurate segmentation of the prostate. To improve
segmentation accuracy, in 2022, Peng et al. [123] proposed a semi-automatic prostate TRUS
segmentation method called H-ProMed based on data point priors which combined an evolutionary
neural network with an improved master curve method. The experimental results show that the average
Dice similarity coefficient is 96.8%, compared with 95% and 92% for the other two methods. The
accuracy and Jaccard similarity coefficient were 96.4% and 95.7%, respectively. In the same year, to
alleviate the cost of data annotation for prostate US image segmentation, Xu et al. [124] proposed for
the first time a semi-supervised learning based on shadow loss and shadow enhancement for prostate
US image segmentation named SCO-SSL. The input image and intermediate feature images were
processed by a shadow loss and shadow enhancement mechanism and experimental results showed
that compared with other advanced fully supervised methods this team proposed method achieves
competitive results using only 20% of the labeled training data and a Dice similarity coefficient
reduction of about 0.6%.

In 2023, Wang et al. [125] improved the U-Net model named DSU-Net by combining deformable
convolution with shear transform to replace the convolution of the original segmentation model. The
improved segmentation model is more sensitive to prostate US image boundary information and
experimental results show that the Dice coefficient and Jaccard similarity coefficient of DSU-Net
are 0.957 and 0.925, respectively, which are 0.034 and 0.039 higher than those of U-Net.

4.3. Fusion image

MRI has the advantage of high soft tissue contrast and can obtain relatively clear three-
dimensional images of the prostate. Urologists can accurately obtain the distribution of lesions in
patients based on MRI images. However, the limited operating space in the MRI hole and the limitation
of MRI compatibility lead to higher design costs for the robot, longer operation duration and the
inability to use conventional medical devices. TURS has the advantage of low-cost real-time imaging
but has poor soft tissue contrast. In contrast, the fusion of the two images can take full advantage of
the high soft tissue contrast of MRI images and the advantages of low-cost real-time imaging of TRUS.
Compared with using MRI-guided prostate biopsy surgery, the advantages of fused images are lower
surgical cost and dynamic real-time imaging capabilities. Compared with using US-guided prostate
biopsy surgery, the advantage of fusion image is that it has higher targeting ability, reduces the number
of biopsies and avoids excessive biopsy and missed detection. The degree of automation and system
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functions of the robot designed by the researchers are different and the guidance process is generally
summarized as follows: Before surgery, the patient undergoes an MRI scan and the urologist makes a
biopsy plan based on the patient’s preoperative MRI images. After completing the preoperative MRI
image acquisition, the doctor cleans and disinfects the biopsy equipment and mounts the ultrasound
probe on the robot. The ultrasound probe is inserted into the patient’s rectum by a robot and the real-
time US images collected during the operation are registered and fused with the preoperative MRI
images so that the spatial positions of the two modal images are consistent and clear suspicious areas
of the preoperative MRI images are fused into the real-time US images. In order to realize the
automatic biopsy of the robot, it is necessary to register the coordinate system of the robot with the
coordinate system of the fused image so that the two can be unified into the same coordinate space.
Then, the doctor selects a biopsy position and the robot automatically sets the insertion direction and
depth of the biopsy needle according to the biopsy position and automatically places the biopsy needle
through the coordinated movement of the joints. After the setting is completed, the robot triggers the
biopsy device to obtain the patient’s pathological tissue. After completing the above steps, the robot
repositions to the next biopsy position and repeats the above process for subsequent biopsy under the
supervision of the doctor. However, image fusion requires additional software which is expensive,
time-consuming and has the risk of fusion errors. Researchers need to develop fast and accurate
fusion algorithms.

In 2020, Bi et al. [126] developed a prostate biopsy robot-assisted system, based on which they
proposed an improved active demons non-rigid registration method named ADOP combining optic
flow with active demons for preoperative MRI and intraoperative US prostate image fusion. The
experimental results show that the root mean square error of ADOP and active demons are 3.15 mm
and 3.48 mm respectively. In addition, the results of phantom experiments show that with the assistance
of this system, the needle point positioning error of the robot is less than 2.5 mm which shows the
feasibility of this system.

In 2022, Altini et al. [127] proposed a deformable hyperellipse formula for semi-automatic
segmentation of prostate US images that requires only a small amount of data sets. Subsequently, the
nnU-Net model was used to automatically segment patient MRI images. Finally, the team fused the
segmentation results of US and MRI images using rigid registration. The experimental results show
that the Hausdorff distance of all fusion data is less than 4 mm and the Dice coefficient is greater
than 91%.

5. Conclusions and outlook

At present, with the development of clinical surgery and robotics and the increase of PCa cases
worldwide. In order to improve the accuracy and reliability of biopsy operations and reduce the labor
intensity of doctors, the research and development of prostate biopsy robots have attracted great
attention from researchers. At present, most prostate biopsy robots are developed by hospitals and
universities with different degrees of automation and functions and have not been applied to actual
clinical biopsy. Image guidance is the key to determining the tumor positioning and planning the biopsy
puncture path in the prostate biopsy robotic system. Therefore, this article reviews the development
status of MRI, US and fusion image-guided prostate biopsy robots and discusses their advantages and
limitations in detail. In the MRI-guided prostate biopsy robotic, due to the limitation of the strong
magnetic field in the MRI environment, to ensure low image distortion and high signal-to-noise ratio,
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the drive and materials of the robot are the main concerns of researchers. Piezoelectric drive and
pneumatic drive are the two main drivers methods and the materials are usually high-strength plastics
and non-ferrous metals. In the US-guided prostate biopsy robot, there are no restrictions on the choice
of drive and material and motors are usually used for the drive. Compared to other image-guided
robotic, there is no need to worry about the stiffness of the device [128]. The accuracy of fusion is
limited due to the difference in the position and shape of the prostate between the MRI image acquired
before surgery and the image obtained by the intraoperative TRUS probe. Thus, fusion accuracy is the
main problem in MRI-TRUS fusion image-guided prostate biopsy robotic systems.

To make the robot better meet the needs of urologists in the clinical biopsy, future researchers
need to design a prostate biopsy robot that is more accurate, more compact and has higher automation,
safety, reliability and autonomous decision-making capabilities. This paper provides the following 4
suggestions for the future development of prostate biopsy robots here:

Efficient and high-precision image fusion algorithm. Due to the complex calculation of image
processing in prostate biopsy surgery, it is a challenge to achieve real-time image fusion. Therefore, a
more efficient image fusion algorithm is proposed, combining new technologies such as machine
learning, GPU and parallel computing to optimize the computational efficiency of image fusion. In
addition, with the rapid development of deep learning technology, high-precision image fusion
algorithms based on deep learning have become a current and future research hotspot. At present, the
image-guided prostate biopsy robot has an urgent practical demand for real-time and high-precision
image fusion algorithms to improve the robot’s three-dimensional perception ability.

Intelligent interaction. The human-computer interaction in the existing prostate biopsy robot is
not intuitive and it is difficult to fully display the relative pose relationship between the biopsy needle
and the target organ. In the future, researchers need to conduct in-depth research on low-cost and fast
information interaction between robots and other smart devices and design robot interaction methods
according to doctors’ operating habits during biopsy operations. For example, through mixed reality
technology combined with voice control and gesture recognition technologies, virtual target
information is superimposed on the position of real objects in 3D form and the intuitiveness of doctors’
operations and surgical efficiency are improved through voice and gesture control.

Telemedicine. In the future, with the continuous updating of technologies such as communication
technology, artificial intelligence, wearable medical devices, sensors and robots how to effectively
integrate and improve various technologies to realize remote prostate biopsy across regions so that
more people can obtain high-quality medical resources are the focus that researchers should pay
attention to.

Robot intelligence. With the continuous updating of artificial intelligence and hardware
technology, the design of future image-guided prostate biopsy robots should pay more attention to
autonomy and intelligence and researchers should continue to strengthen the learning and independent
decision-making capabilities of prostate biopsy robots. Establish a three-dimensional model of the
patient’s prostate through imaging, accurately locate suspicious areas in the prostate, define and
visualize biopsy points, plan biopsy paths and make independent decisions based on intraoperative
tissue movement and feedback from needle insertion to avoid important organs such as the pubic bone.

Through high-precision real-time imaging guidance, efficient intelligent interaction, mixed reality,
remote control and robot intelligence and other technologies to efficiently integrate the system, it has
become an inevitable trend to establish a robot-patient-environment multimodal fusion sensing
prostate biopsy robot.
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