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Review of Clinical and Technological Consideration
for MRI-guided Robotic Prostate Brachytherapy

Sepaldeep Singh Dhaliwal , Taha Chettibi , Sarah Wilby, Wojciech Polak, Antony L. Palmer , Nick

Reynaert , and Rochdi Merzouki

Abstract—Low Dose Rate Brachytherapy (LDR-BT) is a
technique for treating localized prostate cancer by implanting
radioactive seeds. In conventional practice, the delivery of seeds
is performed using transrectal ultrasonography (TRUS) imaging
for implant guidance and checked using computed- tomography
for post-implant dosimetry. In the case of TRUS, accuracy can be
compromised due to sub-optimal imaging. Magnetic Resonance
Imaging (MRI), however, is known to provide better soft-tissue
contrast, therefore, increasing the ability to detect small lesions;
for that reason, the integration of intraoperative MRI in BT
workflows has been investigated over the last two decades. The
fusion of preoperative MR-images during TRUS-brachytherapy
is possible. However, the image registration process introduces a
source of uncertainty. Manual, real-time intra-operative LDR-BT
is challenging under MRI due to confined space and procedural
workflows. This motivates the development of MRI-compatible
robots for prostate BT, with potential advantages of improved
source placement accuracy and final dosimetry. In this paper,
the state-of-art of technological components in MRI compat-
ible robots, especially for LDR-BT, has been presented. This
systematic review helps us to position an ongoing Cooperative
Brachytherapy project, developing a real-time MRI-guided robot
for adaptive LDR-BT. The design approach includes integrating
separate modules: imaging, dose planning, needles, and robot.

Index Terms—Focal therapy, MRI Robot, Prostate cancer,
Prostate intervention, Robotized Prostate Brachytherapy.

I. INTRODUCTION

PROSTATE cancer is one of the most common male
cancers, particularly for men over 50. More than 1.2

million new cases of prostate cancer were diagnosed across
the world in 20181.

In the case of prostate cancer treatment, radiotherapy is
common practice. Radiotherapy can be delivered in two ways:-
External beam radiation therapy (EBRT) and Brachytherapy
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(BT). BT can be carried out as Low Dose Rate (LDR) or
High Dose Rate (HDR).

LDR-BT uses permanent placement of many radioactive
seeds, isotopes I-125, Pd-103 or Cs-131, compared to HDR-
BT, which uses a single Ir-192 or Co-60 source wire inserted
and retracted back to the afterloader after specific dwell
positions and times. Prostate BT is lower cost than alternative
treatments of surgery and EBRT, and has equivalent or reduced
complications [1]. BT is common practice for prostate cancer
treatment and in routine use utilizing transrectal ultrasonog-
raphy (TRUS) as image-guidance modality. MRI based BT is
under clinical investigation.

The most commonly available imaging modality at clinical
sites are TRUS and computed-tomography (CT) for prostate
BT. There are advantages and disadvantages associated with
each imaging modality to adapt it for clinical use [1]. As
TRUS provides a visualization of prostate motion during
needle insertion but has lower tissue contrast as compared to
CT or MRI. CT is capable of faster image acquisition but
it does not provide good image resolution of base and apex
of prostate, and volume-metric assessment is also inferior to
MRI. MRI is capable of multi-parametric imaging sequences
such as T1−weighted (T1−w) − morphological information
and contrast fatty tissues and T2−weighted (T2−w) − zonal
anatomy along with edema and inflammation. MRI can be
integrated into treatment planning. MRI has restrictions with
MR-compatibility and safety of BT-module and its compo-
nents, limited availability of MRI for imaging as in high
demand within hospitals, and in-bore workspace constraints.
Currently, MRI use for seed placement is not common and
does need strict safety protocols for high-field (3 Tesla) MRI.
The visibility of seeds is also challenging under MRI as they
appear voids and can be confusing with the needle tracks.

Taking an account of BT treatment, it is multi-component
treatment process involving integration of - Imaging, dose
planning, Needle/applicator, prostate anatomy, and seed (in
case of LDR-BT). Based on the prostate anatomy being soft-
tissue and its motion during needle insertion, makes chal-
lenging to deliver dose to distorted or shifted target sites
and the same time accounting for the safety of organs at
risk (OARs). Dose calculations with respect to the deformed,
shifted, or damaged tissue poses another challenge for precise
dose delivery. Thus current clinical investigations are focusing
on adaptive dose calculation and dose delivery intraoperatively
under real-time MR-imaging. To avoid organ deformations the
concept of adaptive dose calculation and delivery motivates
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the clinicians to minimize the needle punctures to reduce
tissue damage and edema to the organ. It is also intended
to reduce the procedural time and improve targeting accuracy
which ultimately helps in minimizing the number of needle re-
insertion for the same target site. Referring to aforementioned
challenges to increase the accuracy of seed delivery and needle
placement, the robotized concepts and solutions are developed
and being investigated with a different imaging modality,
reviewed in [2].

Since the application of MRI in radiotherapy is under
clinical research at rapid rate due to its precision and its in-
creasing availability, particularly for BT [3], [4]. MRI provides
superior discrimination of intraprostatic lesions and OARs
critical in radiation oncology for improved target localization
and accurate treatment planning.

In parallel, MR-robot developments are also an active area
of research for intraoperative seed deposition/HDR-implant to
take full advantage of MRI for accurate dose delivery. The
delivery of radioactive seeds/HDR-implant to targeted lesion
sites rather the potential for improved geographic accuracy
of seed placement could lead to an improved accuracy and
confidence in focal brachytherapy.

This paper compares the developed MRI-guided robotized
systems for prostate LDR-BT and MRI robot-guides for
prostate needle placement that have potential extension to-
wards LDR-BT. The preliminary analysis of existing sys-
tems identified four main interacting modules within their
architectures Fig.1, namely: an imaging system, a dosimetric
treatment planning system (TPS), a needle trajectory planning
software, and an MR-compatible robot. These modules might
be connected differently according to the adopted workflow.
Nowadays, robotic systems are increasingly complex, not only

MRI-guided Robotised
LDR-BT for Prostate

(4) MR-
Robot

(2) Dose 
Planning

(1) 
Imaging 
System 

(3) Needle 
trajectory 
Planning 

Fig. 1. System of Components System for Robotic LDR-BT of the Prostate
Cancer.

by their monolithic configuration, but also by their operability
in a variable and complex environment. Thus, these engineer-
ing systems, which can cooperate to perform global missions
and can adapt to changes in their surrounding environment,
can be described in the form of a concept known as System
of Component Systems (SoCS) [5].

According to Fig.1, MRI-guided robotic LDR-BT for
prostate is a set of physical and biological systems composed
of: MRI scan, MRI-based robot guide, intervention module
for biopsy or brachytherapy and patient. All of these systems
are independent operationally and managerially; they are not
connected physically but communicate with each other in order
to realize a common mission, which concerns a robot-guided
intervention.

For example, in an LDR-BT workflow, the starting point
is acquiring a set of images ( TRUS, CT, or MRI) of the
required anatomical volume using the imaging system (1).
It permits contouring of the appropriate regions of interest
and OARs on the images and subsequent reconstruction of
3D virtual models from the contours. These images and built
virtual models are then communicated to a dose planning
system (2), which in conjunction with the needle trajectory
planning system (3), optimizes the needle access points, needle
trajectory path, and source placement, with dose calculation to
optimize source position. Finally, the MR-robot (4) executes
the control scenario for trajectory tracking of the needle’s tip,
reaching the tissue targets with the required accuracy for seed
deposition.

It is hypothesized that a modular system for robotized LDR-
BT will bring the following benefits:

1) Improved implant quality.
2) Reduced operator-dependent uncertainty, and reduced

BT technique ‘learning curve’.
3) Ability to treat higher-complexity cases.
This paper reviews the robotic developments in the last 15

years targeting MRI compatibility used for prostate cancer
treatment under MRI. Two broad reviews exist on MRI-
robotic developments namely, Tsekos et al. [6] in 2007 and
Monfaredi et al. [7] in 2018, and report of task group 192
on guidelines for image-guided robotic-BT in 2014 [2]. In the
present work, a focus on prostate BT under MRI and poten-
tial robots with prostate-intervention towards brachytherapy
under MRI is considered, it extends the broader comparison
based on treatment concept, robot design and control, needle
specifications and control, imaging, dosimetry, and inclusion
of recent developments of MRI-robots have been made till
the year 2020. Fig.2 illustrates the methodology of selection
of research articles for review based on PRISMA [8]. The
objective is to present information on recent developments
of MRI−robots for prostate intervention and related modules
which can be used to form an integrated complete solution for
automated prostate brachytherapy under MRI-guidance.

No. of records after duplicates removed n=208

No. of studies included in comparative review tables I & II; n=38

No. of records screened n=203 No. of records excluded n=5 (Non-English)

No. of full-text articles 
assessed for eligibility 

n=104

No. of full-text articles excluded n=66
(Initial versions of robot, MR/TRUS 

fusion, needle, imaging)

No. of records identified through 
PubMED database n=181 (2006-2020)

No. of additional records identified 
through other sources n=57

Fig. 2. The flowchart for the identification of eligible articles for review.

The survey was adopted with PubMed.gov database using
keywords − (("MR-guided" OR MRI OR "Magnetic reso-
nance") AND (Robot OR robotic OR robotized OR robotised)
AND (Prostate OR Prostatic) AND (Brachytherapy OR Biopsy
OR intervention)) NOT (prostatectomy[Title/Abstract]); result-
ing in a total of 181 papers (2006−2020) and additional 57

https://pubmed.ncbi.nlm.nih.gov/
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papers were identified through IEEE Xplore and citations.
Only full-texts in English were selected for reviewing title and
abstract, papers related to High-intensity focused ultrasound
(HIFU), US, and Laparoscopy were excluded. The papers were
further shortlisted based on research groups and considering
the recent publication of robotic developments and demonstra-
tions of same robotic system for review tables I and II.

The paper is structured as follows: Section II discusses MRI
and robotics in prostate brachytherapy. Section III presents
MRI-guided robot for prostate intervention, section IV is about
imaging and processing,and section V discusses about dosime-
try. Section VI and VII are respectively about discussion and
conclusion in the domain of robotized MRI-guided prostate
treatment concepts.

II. ROBOTICS AND MRI IN PROSTATE BRACHYTHERAPY

A. Robotics in LDR Prostate BT

Demand for surgical robots in radiotherapy is driven by
the need to improve seed delivery accuracy, reduce operator-
dependence on quality, and prevent medical staff from radia-
tion exposure. In contrast, manual LDR-BT techniques, with
a rigid template, resulting in approximately 3−6 << seed
placement accuracy in−vivo [2]. The standard specifications of
an image-guided robotic-BT should achieve a spatial accuracy
of 1.0 << (SD = ±0.5 <<) for seed placement within test
phantom conditions and 0−2 << under in−vivo conditions [2].

The robotized concept should cater to all desired operations
to replace the manual procedure. However, it is not easy to
define a single workflow of robotized LDR-BT, which depends
on autonomy [2], the involvement of different imaging modal-
ities, and the robot’s design functionalities. For example, Fig.3
shows the detailed robotized workflow’s main stages defined in
[2]. From the next section onward, we will discuss the robots
only in the context of MRI-guidance.

32
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Fig. 3. Clinically specific workflows for robotized prostate LDR-BT.

B. MRI in Prostate Brachytherapy

The MRI technique is commonly used in diagnosing and
staging prostate cancer, offering good soft-tissue contrast with
non-invasive visualization of pelvic anatomy. The incorpora-
tion of Dynamic Contrast Enhancement (DCE) and Diffusion
Weighted Imaging (DWI) added to T2−w MRI; results in
improved detection of lesions [9]. The MRI images are poten-
tially helpful in limiting dose to OARs while still delivering
precise radiation treatment planning with improved clinical
outcomes [10].

Advances in MRI have enabled its integration at different
BT stages, briefed in II-C. Due to MRI’s high soft-tissue
contrast with an option to attain different MRI-sequences, e.g.,
T1−w, T2−w, DWI, etc. MRI is currently being practiced
under clinical investigations and treatment for TRUS + MRI
fusion-based BT [11] and direct MRI-based BT [12], [13].
Clinical outcomes under direct MRI based BT treatment
motivated the feasibility of MRI based robotic BT-solutions
for precise and accurate placement of radioactive seeds.

Unfortunately, MRI has its own limitations, such as re-
stricted in-bore workspace, material compatibility, and MRI
safety. It makes the development of MRI-guided interventional
robots a challenging task. Another challenge with MRI scan-
ners is their limited availability2 and most of the institutions
have diagnostic scanners with vendor-specific sequences and
demand sequence optimizations, and scanners required to be
adapted or dedicated scanners needed for any robotized real-
time prostate interventions for such treatment. During the
last two decades, numerous teams have developed MRI-robot
prototypes to handle several tasks inherent to prostate cancer
treatment. Often for these prototypes, the interventional tasks
take place outside the MR-scanner. In the case of LDR-BT,
the needles’ insertion takes place outside the MRI bore and
is validated by a new MRI-scan, which lacks intraoperative
anatomic information and any target shift in soft-tissues during
needle insertion. This can reduce the geographical accuracy
of implantation. It is preferable to perform intraoperative
insertions inside the MRI with real-time image guidance. Ways
of adapting the workflow in Fig.3 to include MRI are discussed
in the next sub-section.

C. Stages of MRI incorporation for LDR Prostate BT

MR-imaging can be incorporated into prostate BT at dif-
ferent stages of clinical workflows. Wang et al. [4] divided
BT workflow into five phases: diagnosis, treatment planning,
implantation (needle placement), verification, and delivery.
Fig.4 displays an example of different workflows incorporating
MRI for LDR-BT, described below.

1) MRI-informed BT: MRI is used for diagnosis, and the
information provided by MRI can be used directly or
indirectly for optimal needle placement. It also includes
the usage of MRI for post-implant dosimetry. Act of
seed delivery takes place out of bore after needle tip
verification.

2) MRI-Based BT planning: MRI is used to delineate
targets and normal tissues for treatment planning only.
This works as dual-modality planning for LDR-BT using
the ultrasonography (US) acquired data for treatment
planning, co-registering the MRI data for structural de-
lineation. MRI-based contouring and treatment planning
for seed delivery can also be attempted without US [14].

3) MRI-guided BT implants: MRI guides the physical
insertion of needles for optimal placement [15]. Robots
using MRI to guide the needle placement would come
under this workflow.

2https://ec.europa.eu/eurostat/fr/web/products-eurostat-news/-/DDN-
20200724-1

https://ec.europa.eu/eurostat/fr/web/products-eurostat-news/-/DDN-20200724-1
https://ec.europa.eu/eurostat/fr/web/products-eurostat-news/-/DDN-20200724-1
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Fig. 4. Clinically specific workflows for prostate LDR-BT incorporating MRI,
arrows connecting the stage using MR-imaging for LDR-BT.

4) MRI-Integrated BT: MRI is used for treatment plan-
ning, needle implantation, and verification.

Most of the robotic developments use MRI for needle place-
ment, falling under MRI-guided BT implant’s workflow. For
this workflow, it is necessary to move the patient out of
the scanner bore for confirmation or verification of needle
tip location, with respect to target sites, followed by manual
insertion by the Physician. Whereas, BT using real-time MRI
for insertion guidance would fall under the MRI-integrated
BT workflow. In this workflow, the BT-system must be MR-
Safe or MR-Conditional to place it at a specific distance
from the MRI bore. MRI-robots using intraoperative real-time
image guidance for in-bore seed delivery should fall under
the MRI-integrated BT category. In both cases, it requires
patient immobilization to minimize any anatomical changes
while the patient’s ingress-egress to the scanner during needle-
tip position verification. The workflows discussed above help
explore the scope of incorporating MRI to perform robotized
real-time intra-operative prostate BT treatment. The following
sections review the MR-based prostate treatment concepts,
components, and critical requirements.

III. DESIGN CONSIDERATIONS FOR MRI-GUIDED ROBOT
DEVELOPMENT TOWARDS PROSTATE INTERVENTION

This section discusses and reviews the robotized prostate
interventions, with a prime focus on prostate LDR-BT MR-
robots and potential MR robot-guides for seed deposition. The
MR-biopsy robots have only been studied for their application
towards LDR-BT; as needle placement concepts for prostate
under MRI. Diagnosis and treatment concepts are explored in
III-A, practice in previous developments along with their robot
design and control in III-B, prostate intervention needles are
reviewed in III-C, and the MR-robots are reviewed in III-E.

A. Diagnosis and treatment concepts

This subsection discusses the robotized MR-operations for
both diagnosis and treatment. The critical components and
clinical procedure’s building blocks to be considered are the
type of MR-scanner, prostate access path, patient placement,
different test conditions (in−vivo, ex−vivo or in−vitro), rating
the output at the Technology Readiness Level (TRL), and
guided workflows.

1) MR based Prostate interventions: The needle placement
interventions reviewed are listed below:

1) Biopsy (BX): BX is performed for diagnostic purposes;
suspected lesion sites are targeted to remove tissue

samples for further examination. D’Amico et al. [16]
initiated manual MRI-guided prostate BX and evolution
towards robotized MRI-guided prostate BX in [17] .

2) LDR-BT: Uses radioactive seeds (isotopes I-125, Pd-
103 or historically Cs-131) encased in titanium, called
LDR seeds. These seeds are delivered permanently to the
prostate according to a treatment plan which describes
the geographic locations for a desired dosimetric target
coverage.

3) Marker deposition (MD): The gold-markers are de-
posited inside the prostate for EBRT. The robots used
for markers deposition are considered in this review, as
the concept is similar to seed placement [18].

4) Ablation (Ab): In ablation high-energy laser is used to
heat rapidly the target site resulting in cell death [19].

In the literature, it was found that most robot-based de-
velopments are dedicated to BX rather than BT. The reason
fewer MRI-robots have been developed for LDR-BT can be
understood as increased complexity in the accuracy required
in BT for seed delivery in 3D space. In contrast, it is not
the case for the BX where high accuracy is required in the
axial plane, but there is a lesser requirement on accuracy
in depth. This is because an approximately 2 2< length of
the core is extracted, only part of which needs to traverse
the lesion Further, BX’s time procedure is 10 minutes with
local anesthetics and BT’s minimum 45 minutes with general
anesthetics. Due to procedure time constraints, there are fewer
scanners as compared to the number of patients.

2) MRI Scanner and the role of field strength: MRI scan-
ners can be classified based on the type of bore (closed or
open) or can be related to their field strength Tesla (T). Open
bore scanners are generally less than 1 T, whereas closed bore
scanners are usually of 1.5−3 T, with an in-bore radius around
60 2< or 70 2< (wide-bore).

Closed bore scanners are preferred over open due to
their imaging quality. However, closed bore MRI has lim-
ited workspace to integrate a robotic concept for prostate
treatment. It is essential to considered field strength as it
influences signal-to-noise (SNR) ratio, geometric-distortions
(GD), and artifacts in imaging. It is recommended to target
minimal GD of the prostate for MRI-guided LDR-BT [4]. 3 T
scanners generate high-resolution images, improving tissues’
delineations for dose delivery, especially for intraprostatic
tumor dosage boost. However, MR-compatible needles (e.g.,
titanium) generate significant artifacts at 3 T field strength [4].

It is becoming increasingly common that radiotherapy cen-
ters to have dedicated MRI scanners as part of BT-suite for
radiation oncology, or access diagnostic MRI scanners for
brachytherapy workflows [20]. 1.5 T scanners can provide
sufficiently improved visualization of prostate anatomy BT [4],
and they have the advantage of fewer object-induced (metal
seed or needle) artifacts. For robotic systems that include MR-
Conditional components like sensors (discussed in III-B), the
1.5 T should be the preferred option with fewer restrictions
with materials, resulting in low susceptibility artifacts com-
pared to 3 T. Also, 3 T scanners demand considerable sequence
optimization for BT due to susceptibility issues [4]. Depending
upon the availability of MR-scanner and safety protocols, it
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can be stated that a robotic system compatible with 3 T would
also be compatible under 1.5 T scanners.

3) Patient Placement: Prostate access and patient position-
ing are important considerations in the designing and develop-
ing robots for MRI prostate intervention. The prostate can be
accessed by (i) Transrectal (TR) technique, in which needles
are inserted via the rectum and the patient is usually laid in a
prone position, e.g., [21]. (ii) Transperineal (TP) technique, in
which needles are inserted via the perineum, commonly used
for TRUS and similarly preferred for MRI-guided prostate in-
terventions, e.g., [22], [18]. (iii) Transgluteal (TG) technique,
performed in cases when the rectal route of prostate exami-
nation and sampling is not available in patients with prior
anorectal resection or other anal abnormality that precludes
rectal access [23], e.g., [24]. (iv) Transurethral technique,
in which a thin transurethral ablation applicator is inserted
through the urethra towards the prostate with an endorectal
cooling device3, is not feasible for BT.

The TP approach is preferable and recommended over TR
as it lowers the sepsis risk and offers more peripheral zone
coverage of the prostate, around 98.5% with more accuracy.
In contrast, TR covers only up to 64.9% [25].

The common patient positions for needle insertion to the
prostate gland under MRI are left lateral decubitus (LLD)
[22], [26], [27], Prone [21], Supine (SU)4 [18], [27] and
Lithotomy (LT) [17], Semi-LT position opted in [28], [67].
Prone position has issues related to rectal gas, which may
cause imaging artifacts. This position gives mixed reviews
from experts and may be chosen due to MRI’s confined space
and provides easier access for the TR approach. The lithotomy
position is commonly recommended to perform TRUS guided
prostate BX and BT, offering better detection of lesion targets
of deformable soft tissues than the prone or LLD position
[29], resulting in less pain [58] accessing the prostate via the
perineum. In addition, the prostate is more mobile under the
decubitus position than SU or LT [25].

TP access is more convenient with the LT position. LT
position can be achieved with the commercial existing MR-
Safe Uni-Lift5 specifically developed to stabilize the patient
for MRI prostate intervention shown in [31]. Lastly, LT has
an advantage with more workspace to target the TP area within
the MRI.

4) Prostate position and targeting: The deformable nature
of the prostate gland tissue, position surrounding the urethra,
and the possibility of pubic arch interference (PAI), present
challenges for interventional procedures.

According to data sets at Portsmouth Hospitals University
NHS Trust, UK; prostate mean dimensions (with standard
deviation) for length 50 << (10 <<), height 46 << (11
<<), width 48 << (9.5 <<), volume 63 2<3 (34 2<3), n
= 238. During the BT procedure, due to edema, the prostate
can enlarge by up to 25%, it can also rotate generally up to 14◦

in coronal and 10◦ in the sagittal plane [25]. It constitutes an
additional consideration to be handled by any robotic system.

3https://profoundmedical.com/new-tulsa/
4https://www.alimed.com/lithotomy-patient-positioning-blog/
5www.noras.de/en/mri-products/uni-lift-prostate-intervention-device/

Considering the different in-bore patient positions stated
above, it is challenging for physicians to access the prostate
due to the confined space and to perform MRI in-bore
interventions. Out of bore interventions are therefore opted
for with the aid of a compatible template but without real-
time imaging, which compromises MRI’s key advantage. For
automated solutions, Song et al. [32] presented an Ultrasonic
motor (USM) actuated template-guide for in-bore manual
intervention, and Fischer et al. [33] increased the template
size to 100 × 100 <<; however, it is still limited to manual
needle placement. PAI can make it challenging to cover the
prostate target with 100% of the prescription dose, and larger
prostate sizes (>55 2<3) may not be appropriate for the BT
treatment option when the angle of the needles are constrained
by the external grid. Solution for such patients could be with
oblique needle insertion or steerable needles.

Modern clinical procedures demand minimally invasive
surgery, and robots have the potential to fulfill the minimal
invasive surgery objective with minimal invasive needle inser-
tion/placement (opted in [34]) using fewer entry points (to
reduce trauma), without a template, and having the ability
to perform oblique (non-parallel) insertions. This requires the
robot to use a high level of image guidance to enable coverage
of the whole prostate volume with better accuracy or with the
potential for focal therapy.

Detailed workspace and prostate localization for transper-
ineal needle path can be found in [35]. It can be stated that
changes in leg positioning for in-bore intervention impact the
prostate’s anatomical positioning, but, in general, it was found
through the review that TP is preferred for robotized concepts,
with patients in the supine or lithotomy positions.

5) Test Conditions: It essential for the validation of any sur-
gical device to demonstrate functional feasibility. Any robotic
device for surgical intervention needs to perform accurate
insertion according to the planned trajectory with precision.
A robot needs to demonstrate feasibility under test conditions
and pilot studies before any clinical application.

In previous developments of LDR-BT robots under MRI,
tests were conducted with in−vitro [36], [37] conditions only,
whereas for marker deposition (MD) and BX in−vivo [21],
[22], [18], [38], in−vitro [67], [29] and ex−vivo [39] studies
were also performed. Most of the existing robot developments
have progressed to the needle positioning concept only, and
physicians have to perform manual insertions. It is reviewed
in section III-E.

The testing conditions help to distinguish the systems based
on TRL. TRL scale was introduced into the EU funded
projects arena in 2014 to indicate a given technology’s readi-
ness. The TRL is scaled in nine levels6. Most of the robot
developments for prostate interventions are up to TRL scale 4
only (Technology validated in a lab).

6) Guided workflows: MRI with the potential of interactive
intra-operative guidance offers the advantage of localized
target accuracy [40] and needle navigation over the traditional
guidance using pre-operative images. Performing minimally

6https://enspire.science/trl-scale-horizon-2020-erc-explained/

https://profoundmedical.com/new-tulsa/
https://www.alimed.com/lithotomy-patient-positioning-blog/
https://enspire.science/trl-scale-horizon-2020-erc-explained/
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invasive BT intraoperatively with MRI comes under the subject
of interventional radiology.

Currently, in the BX procedure, pre-operative images are
used for planning in which fusion errors may occur due to a
mismatch of patient positioning or organ movement.

To overcome such errors, MRI can be incorporated with
LDR-BT to use it as a real-time image-guidance is discussed
above in II-C. Essential phases involved are lesion localiza-
tion, needle placement, treatment planning, and needle tip
verification. In most of the reviewed robot prototypes which
are developed to perform prostate interventions under real-
time MRI-guidance, significant developments are still limited
to needle placement only and that too, with manual needle
insertion (BX or Seed delivery). Only a few robot development
projects achieved an image-guided workflow that do not move
patients out of the MRI scanner for needle insertion exists;
these are summarized in Table I.

Direct MRI guidance could help robot scanner registration.
Stoianovici et al. [41] demonstrated this using a long registra-
tion marker under 3D T1−w imaging sequence and tissue tar-
geting under T2−w, recommended to keep the same frequency-
encoding direction in both scans. Geometric corrections can
be achieved under T2−w using ‘distortion correction’ [41].
Moreira et al. [42] demonstrated teleoperated needle insertion
under real-time MRI.

We divided the intraoperative procedure taking place inside
the scanner room into two categories: (1) In-bore needle
insertion (prostate intervention) under real-time MRI guidance
as RT-intraoperative. (2) Out of bore needle guide insertion
with in-bore position verification (moving patient in and out
scanner between these two stages), referring to it as post-
implant needle verification (PINV). The latter is adopted in the
majority of developments with needle-guide positioning and
needle tip verification, which requires a new scan for needle
insertion, listed in Table I.

B. MRI Robot Design and Control

This section details the type of actuators (III-B2) and
sensors used (III-B3). Table discussing their MR-compatibility
and the existing prostate intervention robots. A surgical robot
is required to attain device regulatory and safety clearances
before commissioning for any surgical interventions fulfilling
the needle intervention requirements. For any BT-robot for
MRI-environment, the robot is desired to be compact in design
for in-bore prostate intervention. The robot must achieve
needle-placement accuracy of 0−2 << and able to generate
around 30 to 50 N force considering factors of safety and
reaction forces for perineum skin and prostate puncture based
on the recommendation by Podder et al. [2]. The robot should
be capable of performing oblique insertions to target occluded
regions of the prostate (such as behind PAI for >60 2<3

prostate), so it is desired for any robot to have a minimum of
5 DOF. A modular design approach should be targeted with
an option to integrate different modules on the same robot
guide so that it can be adapted for BX, LDR-BT, or HDR-BT
modules.

1) MR Compatibility, Safety, and Materials: MRI is sub-
ject to specific safety requirements compared to US. The
three fundamental features of MRI that are of concern when
developing any MR compatible equipment are high static
magnetic field strength, fast switching magnetic gradients, and
radio-frequency pulses. The extreme magnetic-field conditions
of MRI necessitate robot development with MR compatible
materials, actuators, sensors, and shielded electronics.

MRI is very sensitive to electromagnetic interference (EMI).
Equipment and mechatronic devices placed inside the scanner
room need to be well shielded to avoid any EMI. Fast shifting
gradient magnetic fields can result in electric fields and eddy-
currents in conductive materials, affecting the magnetic field’s
homogeneity, leading to image distortions [43]. These currents
can cause heating of components during image acquisition;
it necessitates to verify and test the same MR-sequences,
which are to be opted for during clinical procedures [4]. The
wiring of mechatronic devices coming into the scanner room
can act as antenna radiating noise [44]. The ferromagnetic
material components may result in hazardous projectiles and
cause artifacts and distortions. Non-ferromagnetic, specific
composite materials or plastics can be adopted after testing
under MRI. Robot compatibility with MRI can be categorized
as [45]:

1) The robot must be MRI−safe or MRI−conditional,
2) Robot does not cause any hazard to the patient or staff,
3) The robot does not affect the imaging quality of MRI

when operational or powered off.
4) The functionality of the robot is not affected by the MRI

magnetic fields.

Furthermore, for MR safe practices, the MRI scanner’s region
is divided into four zones [46]. Zone I: Freely accessible with
lower magnetic field posing no risk to the general public with
least restrictions. Zone II: Patients are under the supervision
of MR staff, including the MRI screening room. Zone III: A
restricted Zone where patients and staff are allowed after MRI
screening only due to a detectable magnetic field. It is well-
marked with symbols and coded entrance. Zone IV: The room
containing the MRI scanner and 5-Gauss line and prohibiting
entry of any ferromagnetic component, e.g. implants, which
can be affected by the strong magnetic field and potentially
harm the patient.

In 2005 FDA revised MR device safety terminologies as
MR-Safe, MR-Conditional, and MR-Unsafe refer Fig.5(A).
MR-Safe devices are nonhazardous in all MRI zones. MR con-
ditional items are deemed safe for specific MR-environments
and conditions, depending upon the materials posing no harm
or interference with imaging. These materials are prohibited
from entering the bore and beyond the 20 mT markings, al-
lowing only after stringent testing under controlled conditions.
MR-Unsafe items pose a risk under all MRI environments
and cannot be allowed inside the MRI room. Reference
of magnetic field intensity is shown in Fig.5(B). The MR-
robot prototype should follow the ASTM standards (F2503,
F2052, F2213, F2182, and F2119) [47], which are well
described by Stoianovici et al. in [48]. According to F2503-
13, only non-conductive components come under the MR-Safe
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category. Thus, most of the developments fall under MR-
Conditional only. The reported developments used plastics
like ULTEM, Teflon, PEEK [28], Delrin [49], acrylic, nylon
[18], [49], Ertalon [50], Polyethylene terephthalate (PETE)
[51], polyoxymethylene (POM) [52], high-modulus polyethy-
lene (HMPE) and non-ferromagnetic metals like Aluminum,
Titanium, Brass [49], Be-Cu [53], phosphor bronze [21] and
ceramic materials. Some studies tested magnetic shields with
permalloy and Mu metal up to 17 mT [54] and EMF insulation
cloths in-bore [55].

2) Actuation: Actuator selection for MR-robots, with de-
sired torque and speed outputs of compact size, is challeng-
ing depending upon the functional complexities and robot
architecture. To develop an efficient surgical LDR-BT robot,
replacing the manual procedure desired clinical (in−vivo)
accuracy is 0−2 << for seed placement with a need to
demonstrate spatial accuracy in controlled phantom conditions
of ≤ 1.0 << for seed placement [2].

Gassert et al. [57] described potential actuators for an
MRI environment, including mechanical, pneumatic, hy-
draulic, piezo-motors, and electromagnetic (Lorentz actuators/
magneto-mechanical vibrotactile devices [60] and shielded dc
motor). Some commercialized actuators have been tested by
Fischer et al. [61]. In a study by Gassert et al. [57], well-
shielded electromagnetic actuators (dc motors) were investi-
gated within the MRI room at a distance of ≈ 2.5 m from the
isocenter. Most of the developments focused on Piezo motors
and pneumatic actuators (PN) [61]. Both have their pros and
cons for robot development discussed in the next paragraphs.

PN devices do not produce image interference [62], making
them an ideal candidate for MR-Safe robot development.
On the other hand, they are bulkier, having controllability
challenges with long pneumatic transmission lines due to delay
response. On the other hand, they are bulkier, have control
challenges due to long pneumatic transmission lines because
of the delayed response. Additionally, the existence of inherent
nonlinear friction force could result in difficulties in achieving

the actuator’s high spatial accuracy [63]. The issue related
to time delay control is discussed in [30]. Thus the desired
seed placement accuracy for LDR-BT is challenging with PN.
Stoianovici et al. developed a novel pneumatic stepper motor
PneuStep with 3.3◦ step resolution [64] used for MR-Bot (MR-
Safe robot) [48] [65]; the motor is not commercialized.

Piezo motors have been a popular choice due to their
compact size, high torque to weight ratio, high braking torque
to lock position, inherent robustness, and scalability, making
them advantageous over PN actuators. The compact size
and accuracy advocate them for optimum size surgical robot
development. Piezo motors can be classified into three types i)
Piezoelectric motors (PZ) [Nonharmonic], ii) Piezo ultrasonic
motors (USM) [Harmonic], and iii) Piezo inertia-motors. As
piezo-motors are MR-Conditional may result in image noises
and cause more image-noise due to their conventional motor
drivers, methods to drive motor without noise interference
are discussed in [61], [66]. Li et al. [37] studied PZ (non-
harmonic), they observed that it has better noise suppression
than USM (harmonic). Commercial existing harmonic motors
are HR-2/4/87 (amplitude modulation), USR8 & PUMRNM9

(frequency modulation), and non-harmonic are PiezoLegs10

(frequency modulation) [67].
The study by Fischer et al. [61] stated that Piezo-motors do

not affect the MR images, and the source of noise is commer-
cial motor drivers. In [67], the authors state that customized
motor drivers generate signals via a direct digital synthesizer,
a high-performance multi-channel digital-to-analog converter,
and high power linear amplifiers can suppress image noise
interference. Further, pi filters of high-efficiency remove high-
frequency noises. Carvalho et al. [68] presented custom USM
with reduced metallic content replacing the casing with UL-
TEM, a shaft of Derlin, and nylon screws, which resulted in
lower distortions and better SNR.

Shokrollahi et al. [69], [70] tested USM inside the bore
near isocentre under different placement configurations with
normalized SNR outcomes to drop by 15−25% and found
that parallel placement of USM to field resulted in more
noise. Commercialized USMs’ are MR-Conditional and can
be used for robot development under controlled conditions
(minimum 30 2< from MR-isocentre), targeting the least
SNR losses with different configurations and power on/off
mode. Other commercialized non-magnetic actuators can be
used in future robotized concepts are Piezo-Sonic11, SCNUAA
PMR12, SQUIGGLE motor13, and Rotatex RUSR14.

3) Sensors: Position sensing and force feedback are essen-
tial components for closed-loop control of any robot function.
Surgical robots demand precise and reliable sensors. The con-
ventional sensors adoption under MRI environment adds MR-

7www.nanomotion.com/product-type/standard-motors/hr-series-motors/
8http://www.shinsei-motor.com/English/product/nonmagnetic.html
9https://piezotech.en.ec21.com/UltraSonic_Motor–1763572.html
10www.Piezomotor.com
11www.piezo-sonic.com
12http://en.scnuaa.com/nav/2.html
13www.newscaletech.com
14www.beaconpipe.com

http://www.shinsei-motor.com/English/product/nonmagnetic.html
https://piezotech.en.ec21.com/UltraSonic_Motor--1763572.html
www.Piezomotor.com
www.piezo-sonic.com
http://en.scnuaa.com/nav/2.html
www.newscaletech.com
www.beaconpipe.com
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compatibility restrictions. For MRI environments, the fiber
optic-based sensors are suitable for position and force sensing.

Position sensing: Sensors are required for the position (low-
level) control, e.g., potentiometers, optical encoders, laser,
ultrasonic sensors, etc. Due to their material or electric com-
ponents, many of them might not fit under MR-compatibility,
inducing artifacts or image-distortions. Position sensing of
joint space can be achieved by optical linear and rotary
encoders, which calculates the end-effector position. Besides,
under a controlled environment and conditions, researchers
have used optical encoders and demonstrated their working
feasibility under magnetic fields, discussed in the following
paragraph.

MR-robots (Prostate intervention) incorporated commercial
rotary (EM1-0-500-I) [67], linear (EM1-1-1250-I) [33] en-
coders and incremental quadrature encoder (E8P-512) [30]
from US Digitalr15 under 3 T, with observations that artifacts
are confined to 2−5 << range close to encoder only. The
standard US Digital optical encoders have 0.0127 << linear
and 0.072◦ rotary resolution. Moreira et al. [71] used a
reflective optical encoder (LIK41, Numerik Jena, tested up to
6 T magnetic fields16) for needle insertion depth measurement.

Some developments adopted self-made fiber optic sensor
solutions in order to avoid compromise to imaging. The void of
commercialized sensors or low-cost solutions were presented
in the review [59]. Custom solutions can utilize reflective or
transmissive optical encoders developed specifically for MR-
environment. Stoianovici et al. [64] adopted custom fiber optic
quadrature encoders for Pneustep. The commercially avail-
able solution from Micronor Inc.17 (MR-Safe) offers micro
millimeter accuracy. The commercialized optical encoders’
availability makes it feasible to adopt them for MR-robot
position sensing.

Another method of position sensing and orientation based
on only imaging is achieved with the aid of fiducial markers
attached to the robot base or surgical tool/manipulator, e.g.,
Z-Frame, introduced in [72]. These can be of MR-spot or
contrast agent filled solution tubes used for patient and robot
registration.

In the case of HDR-BT, Borot de Battisti et al. [73]
presented the HDR needle tracking based on Fiber Bragg
gratings (FBG) sensors and reported an accuracy of 0.79 <<
under RT-MRI tracking on prostate test-phantom.

Force sensing: Invasive task-space position feedback is
critical to avoid inaccuracy resulting from tissue deformation
and needle flexion. It can be achieved with strain-gauge and
fiber-optic force sensors. Fiber-optic sensors are the preferred
choice as they are inert to MR-environment. In contrast, strain-
gauge sensors may result in electrical noise and complicated
installation, causing more compatibility restrictions in MR-
field.

Examples of some commercial sensors used are fiber-
optic limit switches [32], piezo-resistive force feedback (FSS,
SensoTechnics) [74], JR3 commercial force sensor for teleop-
erated breast biopsy [75], Piezo-proportional pressures valves

15www.usdigital.com
16https://www.motioncontroltips.com/?s=non+magnetic+encoders
17https://micronor.com/products/rotary-encoders-mri/

by Hoerbiger-Origa (near MRI) [33], Custom Fabry-Perot
interferometry (FPI) sensor based on FPI strain gauge by FISO
Technologies Canada [76], [62], PX309-100GD5V pressure-
sensor (Omega, US) and Load cell MLP-10 by Transducer
Techniques for force sensing used in [77]. In neurosurgery
under MRI, a commercialized ATI-nano-17 force sensor was
adopted for intra-operative surgery in a neuroArm robot [78].
Commercialized force sensors like FPI - FISO and ATI are
solutions for MR-robot construction with target developments
of TRL−6, though they are expensive but currently are the
only on-self solution.

C. Prostate Intervention Needle Control

Needles are vital components directly interacting with the
prostate gland. Clinical BT and BX needles are composed of:
a cannula, a hollow tube, and stylet, a solid shaft. For BT, 18G
needles are commonly used to insert stranded or loose seeds,
which have an external diameter of typically 0.8 << and a
length of 4.5 <<. Conventionally, straight bevel tip needles are
used to target the prostate via TP using a template guide with
holes 5 << apart. Challenges associated with prostate motion
and the target shifting during needle insertion are discussed by
Stone et al. [79]. Dattoli et al. [80] demonstrated a prostate
fixation technique in which motion can be restricted to 0.2
<<. Okamura et al. [81] studied diamond-tip needles, showing
low resisting forces as compared to bevel-tip. Podder et al. [82]
define needle (18G) insertion force requirements at TP skin of
around 10N and 8N to puncture the prostate and to consider
3 to 5 folds for safety factors. Furthermore, the author stated
that less axial force results in lower tissue deformation. In [83],
the concept of needle rotation was introduced to reduce tissue
trauma, and [84] presents needle angulation with the help of
a template. Patriciu et al. [26] state fast-needle insertion for
accuracy, and in contrast, Bosch et al. [18] recommend needle
insertion in small steps to avoid prostate motion.

In consideration of the work mentioned above and to
perform automated needle insertion in order to compensate for
the target shift and needle deflection, active control needles can
be achieved with the help of steerable needles. For example,
a curvilinear approach [85], solutions based on bevel-tip or
pre-bent needle tip steering18. Needle design aspects are not
covered in detail in this paper. Since needle steering is an
active research field with numerous developments and testing,
the issues related to needle steering and control are well
addressed in [86], and extensive review for needle guidance is
presented by Kulkarni et al. [87]. A brief review has been
considered and summarized in the portion of Table II of
existing needle control practiced by research teams integrated
to current MRI-robotized concepts.

Most of the institutes have tested straight insertions both
manually [33], [39], [88] and automatic [37], [67] with
robot-assisted needle placement. Robots with both straight
and oblique needle insertions have been tested manually by
[17], [29], [49], [89], and automatically by [22]. Trajectory
planning concept of needle insertion during treatment has been
demonstrated manually [17], [18], and automatically with a

18https://cobra-2seas.eu/the-project/steerable-needles/

www.usdigital.com
https://www.motioncontroltips.com/?s=non+magnetic+encoders
https://micronor.com/products/rotary-encoders-mri/
https://cobra-2seas.eu/the-project/steerable-needles/
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physician defining the target [21], [18], [62], [55], [90], target
+ entry point [28] and target + insertion angle [29]. Currently,
in clinical procedures, standard 18 G (straight and bevel tip)
needles are being used for both BT and BX in manual TRUS
procedures and MR-compatible 18 G (e.g., InvivoCorp. or So-
matex) under an MRI environment. Concentric tubes [91] have
been validated for neurosurgical treatment in simulation and
phantom studies. Still, practicality is challenging in prostate
BT due to the tube diameter, bending radius, material stiffness,
and seed navigation feasibility. The robots based on MRI-BT
treatment to cover whole prostate volume with the minimum
number of insertions require the system to be without template
and minimal insertions [34]. Indeed, it is needed to provide
better needle insertion maneuverability, which further tackles
the PAI and enhances the targeting accuracy.

1) MR-Needle Material: : Needle material composition is
a crucial factor that needs to respect the MR-environment,
structural rigidity for skin puncture, and remain inert to inter-
acting biological tissues. So far, Ti or Ti-alloy needles are used
for prostate intervention. Although Ti is considered an MRI-
compatible material, it can still get heated due to RF-induced
heating. Different scan parameters RF-power, altering electric
field, resonance, and needle orientation, play a significant role
in needle heating and safety [2]. The commercialized MR-
needle like Invivo Corp. mentioned compatibility usage up to
1.5 T and recommended out-bore usage for 3 T [92]. Shorter
wavelengths of 3 T cause local heating and larger artifacts
[92]. Still, in case they pass artifact-image testing with 3 T,
they can be prone to thermal injuries near the isocentre and
must be validated with thermal testing before any in−vivo
setup. A recent study by Khodarahmi et al. [93] states MR-
Conditional needles should be selected based upon optimized
pulse sequence, needle length, and orientation (angle along the
static magnetic field (�0)). The study found a high-temperature
rise when a needle is placed parallel to �0, which may
potentially cause tissue damage.

2) Needle Insertion: Complexities of the surgical inter-
vention include soft-tissue interaction, lesion targeting, and
needle flexion. Manual needle insertion is achieved using
rigid needles with an assumption of nearly straight insertion;
however, this usually results in a lesion shift due to tissue
deformation [94]. Researchers focus on thinner and flexible
needles to reduce tissue damage and edema with steerability
improvements in recent years. The steerability of flexible
bevel-tip needle modeling is performed based on duty-cycle
rotation models in 2D and 3D during insertion; it allows
proportional control of the curvature. These models need
real-time imaging feedback for needle tip tracking, which is
challenging under MR-imaging due to imaging update times.
Moreira et al. [94] presented the first MRI-guided needle tip-
tracking in phantom using a flexible needle steering algorithm
under MRI feedback. They reported targeting errors of 4.3
<<, 28% lower as compared to rigid needles. Performing
manual tracking of target and needle, with manual insertion
and rotation, and dividing insertion steps to 1.5 << each, it
takes around 7 minutes to perform each step. Automation of
such needles requires robust testing for clinical validation to
perform a soft-tissue intervention.

Under US imaging, Abayazid et al. [95] presented tele-
operated needle steering in 3D, keeping insertion velocity
constant, providing visual and vibratory feedback, and only
needle rotation was controlled by the user. As a fully au-
tomated needle insertion module is critical, a more realistic
environment for proof validation and testing is needed. The
following paragraph discusses the role of automation levels in
understanding the relation of robotized needle insertion.

3) Manual versus automatic prostate treatments: It is im-
portant to discuss the different automation (robot-assisted)
prostate needle intervention levels compared to manual. The
developed concepts and robotic systems for needle steering can
be divided into different automation levels mentioned below
[86]:
• Level 0: fully manual insertion.
• Level 1: Manual assisted steering (Steered with haptics);
• Level 2: Semi-automated steering (Physician-in-loop);
• Level 3: Fully automated steering.
There is no practice currently reported in the literature in

clinical use involve automated steering. Instead, steering is
performed manually by the physician. Physician in the loop
guarantees the procedural safety of the patient treatment. In the
manual insertion, the physician applies forces on TP skin at the
needle entry point using finger pressure. These lateral forces
applied with the finger enact the needle deflection, making the
needle’s lateral displacement [96]. Moreover, lateral actuation
and axial rotation [97] have their own advantages to the
trajectory and targeting.

In current clinical brachytherapy, two steering actions occur,
intermittent axial rotation and lateral actuation. It would be
possible that the needle’s axial rotation and lateral actuation
are performed automatically by a robotic assistance system.
Simultaneously, the needle is inserted fully manually by the
physician, such that the physician is in charge of the most
safety-critical tasks during the needle insertion procedure[96].
Rossa et al. [98] presented a semi-automated hand-held system
for manual BT needle insertion with autonomous needle
rotation to achieve accuracy.

In recent developments, to achieve image-guidance-based
closed-loop control, Wartenberg et al. [99] presented active
compensation of deviation from initial straight-line trajectory
with the rotation of needle with an asymmetric tip to achieve
better accuracy with hands-on co-operative control insertion
by the physician. The sensation based on insertion force and
along with the needle force, acts as continuous feedback to
control insertion velocity. Tests were performed in PVC tissue
phantoms with stationary targets with the aid of two cameras
(as proxy imaging setup) using Gaussian based model applying
Continuous Rotation and Variable. Performing three different
evaluations, resulting in 1) 9.30 << �AA>A<0G without active
compensation, 2) RMS = 3.79 << for autonomous insertion
with active-compensation, and 3) RMS = 3.56 << for the
hands-on user with co-operative insertion.

D. Prostate Automatic Tracking

To achieve automatic needle insertion it is essential to track
the target organ, to accomplish the task of adaptive dosimetry



IEEE TRANSACTIONS ON MEDICAL ROBOTICS AND BIONICS, VOL. XX, NO. X, XX 2021 10

it requires to track the prostate under real-time during intra-
operative needle intervention. In robotized BT system, Hungr
et al. [100] successfully demonstrated the concept of prostate
motion tracking with 3D-TRUS on cadaver.

Prostate tracking under MRI, Tadayyon et al. [101] pro-
posed a multislice-to-volume registration algorithms for intra-
operative prostate motion tracking under MRI, their de-
formable vs rigid algorithm resulting in average registration
error of 2.1 << and 2.6 <<, respectively. Authors also
anticipated their rigid algorithm to account the deformations
due to edema [102]. In other work by Xu et al. [103] presented
that MRI slice-to-volume registration is sufficient to produce
similar outcomes of volume-to-volume registration for intra-
operative prostate motion tracking. A survey by Ferrante
and Paragois [104] presents comparison of different works
for the slice to volume registration of medical images. The
integration of registration algorithm with the TPS of MRI-
guidance robot’s will enhance the procedural accuracy of
needle placement and seed-placement/dose delivery.

E. MRI based robotic developments for Prostate interventions

This sub-section reviews the robotized approaches for
prostate intervention. We have comprised a comparison of
MR-robotic prototypes performing seed delivery or stated
working for possible extensions towards LDR-BT or biopsy
robots for needle positioning, summarized it in two tables.
Table I constitutes the diagnosis and treatment concept with
the robot design conception and control, whereas Table II
presents information regarding needle (design and control),
imaging, and dosimetry.

The first robotized concept of MRI-guided phantom-based
intra-operative prostate intervention was reported in 2000
[105] and demonstrated by DiMaio et al. [17] for biopsy
under 0.5 T open MRI at Brigham and Women’s Hospital,
Harvard (BWH) with the aid of 1.5 T pre-operative images.
USM actuated 5 Degrees of Freedom (DOF) serial robot
used for 18G Ti needle placement. Performed needle insertion
manually via TP patient positioned in lithotomy by a clinician
with an average needle tip accuracy of 1.2 <<. Structure
made up of titanium alloy with linear guides of stainless-steel
(YHD50). Safety and sterility were addressed in relation to the
MR-robot, taking an example of the BT procedure; however,
LDR-BT seed delivery was not reported.

Zangos et al. [106] reported a biopsy via transgluteal access
on 20 subjects using theInnoMotion robot (CE mark commer-
cialized by InnoMedic GmbH, currently not existing) pneumat-
ically actuated under 1.5 T. Needle tip (NT) median deviation
reported 0.9 << (0.3-1.6 <<) using MRI-compatible needle
cannula of 15G and 16G needle to collect a tissue sample,
15G was inserted out-bore by robot and verification of target
position with T2-true fast overlaying on pre-planned scans
under MRI to collect tissue manually with 16G needle. The
reported needle artifact size in T1 and T2 imaging sequence
is 16 << and 9 <<, respectively. For position reference,
gadolinium-based markers were used, taking an average set-up
time of 2 minutes at MRI and median procedural time of 39
minutes. In general cases, the TG access is not adopted and not

convenient due to prostate depth compared to TR or TP; such
a concept can be feasible for a specific patient, as mentioned
in III-A3. Also, TG is challenging under closed-bore MRI,
and LDR-BT via TG has not been reported or studied.

Krieger et al. [21] developed an Access to Prostate Tissue
(APT) 2 DOF manipulator operating inside the 1.5 T MRI,
actuated remotely with the manual rotation of flex-shafts. The
team claimed the first successful device used a combination
of MRI and tracking coils with a needle through TR-access.
Gold markers were implanted in 5 patients with an average
displacement error of 4.8 <<. Needle guided is used to target
position, 18G Nitinol tube was inserted manually via a curved
guide with an average NT accuracy of 1.3 <<. The fiducial
markers help in tracking the tool and target position along the
needle path. APT-II [38] modification of APT-I to achieve the
3 in 1 objective to perform MR-guided BX, markers, and seeds
for LDR-BT via TR. The APT-II received non-significant risk
determination from the FDA and was tested with 1.5 T and 3 T
on 21 patients. APT-II placed gold markers with an accuracy of
1.1 <<. APT-III [55] MR-conditional robot upgraded with PZ
(Nanomotion) actuation reported average NT accuracy of 2.4
<< for BX. Patient to be laid in prone position and robot can
be adapted to other positions. The patient was required to move
out for needle insertion. In [122] design of APT-IV (3 DOF)
was proposed with PZ (PiezoLEGSr) using electro-optical
encoders with 44% reduced in length and 23% in diameter in
comparison to APT-III, application not reported. APT-I & II
relied on manual scale sensing with manual marker deposition,
though it showed the clinical application scope for LDR-BT.
Whereas APT-III adopted an optical encoder for sensing, but
LDR-BT/MD was not performed, reported only BX.

Patriciu et al. [26] presented a fully automated 5 DOF PN
using pneustep [64] modular MR-safe robotized seed injector
for TP-access LDR-BT under 3 T MRI tested up to 7T [36].
Seeds were kept in funnel-shaped reservoirs and navigated
with pneumatic pressure via a tube to the robot. Ceramic seed
placement mean accuracy in the phantom was reported 1.14
<< and in−vivo (canine) dummy BT seed placement median
error 2.50 << (1.45–10.54 <<) with median NT error of 2.02
<< (0.86–3.18 <<) [22]. In another study, the team reported
the mean accuracy of seed and NT positioning as 3.32 <<

and 0.93 << [119]. The team used the OncentraBrachy™
treatment planning system (TPS); it was also used for robot
registration with image, verification of targets, dosimetric plan
(along with needle and seeds), and providing coordinates of
the target [123].

Patient to be required in LLD position for automatic straight
or oblique needle (18G Ti) insertion operating intraoperatively
without moving out. Ball et al. [65] used Mr-Bot for a biopsy
on 5 subjects targeting 30 sites resulting in 2.55 << targeting
accuracy with a fully-automated biopsy module. No trajectory
corrections were desired during operation. On the other hand,
such a device’s development is exorbitant, and no other canine
or patient study for MD or LDR-BT was reported,though
performed clinical BX experiment (got FDA clearance [41]).
Moreover, the preoperative scans are usually taken in LT,
making it a bit complicated for image registrations from pre-
operative imaging to real-time dosimetry planning for LLD.
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Fischer et al. [28], [33] developed a 4 DOF MRI-conditional
PN modular parallel robot mounted upon manual linear slider
for needle positioning TP-access in semi-LT under 3 T MRI.
Based on intra-operative image guidance using real-time multi-
parametric imaging without moving the patient out. The re-
ported average SNR loss was restricted to 5% of the entire
system in the operational mode, with a single axis positioning
RMS error of 0.94 <<. NT accuracy 0.25 <<, and the patient
moved out for manual needle insertion. 3D-slicer used as
navigation software. This work studied architectural aspects of
the robotic requirements targeting real-time imaging. However,
it required to add needle insertion and rotation, cannula
retraction making it 6 DOF. It lacked with clinical study
remain limited to in−vitro BX with manual insertion.

Tadakuma et al. [89] built a high-precision 2 DOF MR-
Safe parallel manipulator prototype using bistable dielectric
elastomer actuation (DEA) experimentally evaluated within a 3
T MRI. The average distance result between experimental and
simulated points was about 3 << actuation RMS accuracy of
1.4 << with 0.5◦ using laser calibration. Robot concept with
18G needle placement straight or oblique via TP approach,
maintaining the patient inside the MRI. The issues with this
system were a lack of force density and practical durability.
During actuation, it is stated 29% SNR drop and 1% with
power on without actuation. So, DEA may have compatibility
and cost advantages, but it lacks to generate the desired
forces with reliability for prostate access insertion. It lacked
any practical demonstration of needle insertion, presented
analytical data.

Goldenberg et al. [49] developed an MRI-P robot with
5 DOF USM actuated via TP, intra-operatively under 1.5
T MRI without moving the patient out-bore. The physician
manipulates the target position and orientation manually with
the joystick’s help taking feedback from MRI and software
only (no force feedback). It was designed for both SU and
LLD positions placing the needle straight or oblique. The
concept’s novelty was a modular structure providing a base
to mount a surgical tool to perform ablation, biopsy, and BT.
Tests were performed on watermelon and gel phantoms. The
MR-Conditional robot resulted in a maximum NT positioning
error of 1.1 << with a 7% drop in SNR using a 12G Nitinol
needle. The team demonstrated a robot for radio-frequency
ablation only; it lacked a clinical example of BX or BT. It
showed that NT accuracy is quite promising with USM.

Bosch et al. [18] demonstrated the first real patient trial with
intra-operative robotized MRI-guided gold marker placement
in the prostate for EBRT. Hydraulic actuated 5 DOF parallel
robot having PN actuated 1 DOF automatic needle drive for
straight insertion. Having control accuracy of <1 << and
tapping step size between 2 to 8 <<. Patient positioned in LT
and gold marker deposited manually using 16G Ti needle via
TP under 1.5 T. Online needle tracking during insertion was
performed with fast 2D-images. A robot was made of polymers
and non-ferromagnetic materials. It was redesigned using PZ
motors and PN needle tapping for HDR. The team stated
that in future work to develop navigation software for angular
insertion with automatic needle tip tracking against the target.
The study of the needle insertion technique is an informative

one, however, no additional work was reported for BX or
LDR-BT/MD. The robot was limited to needle placement
only with manual needle insertion and physician guidance.
Parameters like NT and MD accuracy were not reported. The
team also presented the concept of adaptive HDR-BT needle
insertion sequencing with provisions to integrate their MR-
robot, and needle tracking with the aid of FBG sensors under
an MRI environment [124].

Elhawary et al. [74] presented a 3 DOF PZ actuated robot-
guide with a 2 DOF needle module for LLD patient position
performing BX via TR inside the MR-bore. It intends to target
≥1 2< lesions with a minimum accuracy of 5 <<, keeping
the doctor in the loop, not fully autonomous due to safety
measures. The doctor controls the robot based upon real-
time MRI imaging. Custom endorectal probe embedded with
radio-frequency coil and passive markers having biopsy needle
channel was used, made of Duraform material for sterilization.
Embedded markers help in real-time guidance. Piezoresistive
force sensors were used, the custom pneumatic cylinder with
1.5 bar was designed to fire biopsy needle and harness tissue.
Work presented real-time intra-operative; however, it remains
limited to in−vitro BX experiments.

Song et al. [29] developed a 4 DOF PN parallel robot,
targeting prostate via TP in SU position using custom-made
leg-rest, with manual 18G Ti needle insertion under 1.5/3 T.
Adapted Fischer et al.’s [33] concept modified the Airpel 9.3
bore cylinder with damping for actuation with needle position-
ing 0.8 << [125] 15% SNR reduction [29]. It can place needle
straight and oblique with NT average error of 5 <<. Seifabadi
et al. [39] adopted it to fully-automated for intra-operative
via teleoperate control, adding PZ actuators to biopsy needle
module with average NT accuracy of 2.5 << with positioning
error <1 << for straight manual needle insertion. Fiber Bragg
grating (FBG) sensors opted for force feedback. This MR-
Conditional robot uses a 3D slicer as navigation software.
The pyramidal design utilizes space beneath the legs making
it workspace efficient. This work with an addition of force
sensor and teleoperation achieved needle positioning <1 <<

with manual insertion; clinical work not reported. However,
haptic feedback was not available.

Su et al. [62] developed a modular haptic system with 6
DOF (3 DoF for Cartesian and 3 DOF for needle driver),
stating it to be the first PZ actuated prototype to perform
needle insertion under Interactive MRI guidance with 3 T
MRI for prostate BT. The prototype works for both biopsy and
BT needles in semi-LT position via TP. The team developed
its own force sensors to measure in−vivo needle insertion
forces (axially,1 DOF) for the BT procedure, using FPI sensors
with optical encoders from US digital. No significant signal
degradation with a 95% confidence interval. SNR loss is
limited to 2% while imaging and NT placement RMS error
of 0.61−2.24 << for 3 trajectories. Later gelatin phantom
experiments for brachytherapy with custom brass seed (CBS)
placement showed an accuracy with RMS error 0.98 <<

targeting 9 << bean with automatic straight 18G steerable
needle insertion [37]. Ji et al. [126] extended it to 4 DOF for
needle driver with a cylindrical helix imaging coordinate regis-
tration fiducial frame for intraoperative intervention. Using the
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same robot guide, Patel et al. [127] demonstrate asymmetric-
steerable needle with targeting error 2.5 << in gelatin (ho-
mogeneous) phantom tracked in 10 << slice thickness using
fully automatic as closed-loop steering. Still, its feasibility
with biological tissue is challenging. The same robot in
[67] mounted with needle module showed single-joint motion
accuracy of 0.03 << and biopsy NT accuracy of 0.87 << ±
0.24 <<. The team extended it to convert it into a telesurgery
system adopting PN haptic system + force sensing (strain-
gauge) for needle steering (rotation + insertion) with in-bore
demonstration, physician getting haptic and visual (real-time
intra-operative) feedback to control insertion [77]. In [37], the
work is informative in different aspects, demonstrating CBS’s
sub-millimeter accuracy. However, TPS regarding dosimetry
planning and the clinical application was not discussed.

Schouten et al. [107] performed testing of PN actuated 5
DOF on 13 patients controlling the robot in open-loop and
reported a mean biopsy error of 6.5 << and compared the pro-
cedural time between manual and robotized biopsy. The robo-
tized BX took more procedural time as compared to manual;
still, it demonstrated robotic-BX feasibility. The work showed
a mean target displacement of 6.6 <<. In [128], the same
system studied the clinical feasibility of tracking algorithm-
based sequence phase-only cross-correlation (POCC) for real-
time MRI biopsy, a procedure targeting automatic tracking of
the needle guide.

Jiang et al. [110] developed a 5 DOF prototype with
PN actuation and USM for needle insertion with a control
accuracy of 0.9 << under the digital video. NT error of 1.07
<<. The robot is designed to operate under a 1.5 T MR
scanner for SU position via TP. In the other two robotized
concepts for prostate intervention, Jiang et al. [112] discuss
compact USM actuated virtual prototype design of 4 DOF
robot with 1 DOF needle insertion. This MRI-conditional robot
desire patient to in an SU position with automatic insertion
via TP. Jiang et al. [114] presented another virtual prototype
of an MR-Safe tendon-based 5 DOF robot +1 DOF needle
insertion module for intra-operative BX and BT. Patient to be
in an SU position for automatic needle insertion under 0.5 to
3 T MRI scanner. However, no in−vitro or clinical application
demonstration was reported for LDR-BT. The team stated in
[129] that trajectory planning uses a 3D dynamic algorithm
for an 18G Ti needle.

Plante et al. [108] introduced the embedded air-muscles
without any mechanical joints replacing DEAs used in similar
design [89]. The targeted insertion force of 0.32 #/<<
without experiencing trajectory deflections assumes prostate
depth around 60−160 << via perineum, using 20 air-muscles
for 3 T MRI. The air-muscles are with a radially reinforced
membrane with molded ribs limiting the radial expansion and
benefiting the extension due to pressure. The team increased
air-muscles from 12 to 20 and observed an increase in the
numbers, and they were able to drop the hysteresis errors; it
also reduced overall size in diameter. Work demonstrated the
clinical feasibility of binary muscles for MR-robotized concept
to deposit fiducial markers in [109]. However, the needle needs
to be guided manually with a fiber-glass needle-guide; needle-
tip and marker-deposition accuracy were not reported.

Eslami et al. [115] presented a parallel kinematic robot with
4 DOF USM actuated aid in target alignment to needle guide
for manual needle insertion. Patient positioned in SU/semi-LT
with custom leg-support and designed for 3 T MRI. MRI-
Conditional robot 18G Ti, NT accuracy of 1 << in the air
with control accuracy of 0.73 << for translation and 0.272◦

for orientation. It intends to help clinicians perform manual
needle insertion in oblique or straight via TP for intra-operative
BX and BT. The SNR was relatively stable, with a variation
of no more than 15.35%. The navigation software to be used
is RadVision™. However, it lacked clinical application or
in−vitro testing and was limited to manual needle insertion.
Wartenberg et al. [99] extended the concept of co-operative
control with active compensation of needle deflection to keep
the physician in the loop to achieve intra-operatively closed-
loop control and demonstrated RMS accuracy of 3.56 <<.

Chen et al. [118] presented an MR-Safe PN robot of
compact design with 5 DOF, commercialized by Soteria
Medical for prostate BX while keeping the patient in a prone
position. The robot aids in needle guide positioning and
the physician performs manual needle insertion with semi-
automated guidance under manual trajectory planning for
navigation using MeVisLab software. The authors reported NT
placement clinically with a mean accuracy of 0.6 << and 2.5◦.
A clinical study on 57 subjects was conducted and reported
reduced procedural time as compared to manual MRI-guided
BX and cost-effective with reduced occupancy of MRI while
using RCM-robot, however, NT placement accuracy was not
reported [130].

Kim et al. [30] proposed a cable-driven 3 Dof (1 needle
insertion) MR-Safe robot for prostate biopsy, patient in a
supine position. The manipulator controlled using the Maxonr

dc-motors using pull-pull Dyneemar cables with cable-pulley
transmission kept outside the scanner room. The time delay
control (TDC) approach was used for needle positioning
resulting in RMS error = 4.52 << and max error = 2.36
<<. The authors applied a backlash compensator and reported
about a 50% reduction in max error = 1.86 << [131].

Misra et al. [71] presented 5 DOF parallel robot archi-
tecture with PZ motor and a 4 DOF needle driver with PZ
(Nanomotion) actuated needle (flexible bevel-tip) for insertion
and pneumatic firing to harvest tissue sample with a clini-
cally approved BX-needle. The system can perform a fully
automated BX and demonstrate multiple steps cross-checking
the needle position each time with MRI. The robot helps
in positioning and orienting the needle-guide along with TP.
The team stated that their contribution is the first one with
an integrated robot, pre-operative plan, needle tip (flexible
bevel-tip) tracking with steering control to compensate for
the deviations that occurred due to tissue’s deflections and
deformation. Positioning the patient in semi-LT, insertion via
TP used commercial (Sterylab) 18G BX-needle. Using optical
rotary encoders for measurement and fiducial-markers opted
to locate the robot in the MRI coordinate frame. Reflective op-
tical encoder opted for needle depth insertion. The team used
random minimization and random path generator algorithms
for automated trajectory planning generation.

In addition, the team presented in [121] the fusion of MR
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imaging with flexible needle steering using FBG sensor-based
tracking in a closed-loop within MRI bore. Custom designed
flexible Nitinol biopsy needle to collect tissues demonstrated
replacing solid-Nitinol bevel-tip wires [127] and having 2.5
times larger curvature than a commercial biopsy needle. The
needle deflection model is presented in [132], where fiducial
markers were used for robot registration. The team used an
Acoustic Radiation Force Impulse technique to estimate and
calculate the stiffness of soft-tissue. This information helps in
haptic control for needle insertion to overcome force sensor
placement issues within the MR scanner.

Lin et al. [117] presented a 6 DOF serial mechanism
robot for prostate intervention, actuated using 6 USMs (3 for
Cartesian motion, 2 for needle orientation, and 1 for needle
insertion). Authors measured 1.89 << needle-tip accuracy
in in−vitro tests using binocular digital cameras. The mo-
tors driving controllers were customized. The robot is MR-
Conditional and with the compact design, it is suitable for
in-bore placement along with patients, however, the patient
position is not stated as development is in progress.

F. Automated LDR-BT Seed Delivery Device

To develop a fully-automated robotized system for seed
delivery it is essential to equip the robot-guide with a seed
loading device, not limiting the robot-guide to needle place-
ment only to the target organ.

In our survey, the only commercialized automated seed-
delivery system to date is SeedSelectronr by Nucletron
(Netherlands). Other automated systems developed are by
1) Patriciu et al. [26] seed-injector with MrBot (MRI-Safe
robot), 2) Merzouki et al. [135] developed fully-automated
seed loader device and needle placement robot for TRUS-
BT, the team is currently adapting this concept under MRI-
environment in the frame work of on-going CoBra project
with the participation of Eckert & Ziegler BEBIG GmbH,
3) Sato et al. [136] developed a remote seed-loader device
pneumatic actuated using air-pressure to migrate seed from
the reservoir to needle, 4) Proffitt et al. [137] developed a
non-mechanical design actuated using pneumatic actuation.
Concerning the commercialized passive systems for seed-
loading are such as Mickr TP/TPV Applicator and Isocord
systems Eckert & Ziegler BEBIG GmbH19 are available.
Taking an account of automated seed delivery device for MRI-
environment, only one such automated seed delivery module
is based on pneumatic actuation is developed by Patriciu et al.
[26], and integrated to MRI-Safe robot. The device made by
Sato et al. [136] and Proffitt et al. [137] can also be possibly
extended to MRI-environment due to its pneumatic actuation
principle for seed navigation from reservoir to needle and
followed by automated mandrel to the delivery site.

IV. IMAGING AND PROCESSING

It is well known that MRI generates better visualization
of soft tissue than alternative clinical imaging systems such
as CT. However, localization of seed and needle tips is

19https://www.bebig.com/home/products/prostate_seed_brachytherapy/

challenging due to artifacts and signal voids or geometric
distortions (due to actuators or components in the case of
MR-robots). Additionally, seed localization under MRI is
challenging due to needle traces resulting in negative contrast.
Existing protocols at some hospitals use the fusion of CT
(for seeds) and MRI (for anatomy); fusion is used for post-
implant dosimetry. However, data accuracy is compromised
when using such fusion as changes happen in prostate size
appear during the shift in imaging modality from MRI to CT.

This motivated the teams to explore using MRI only as an
imaging modality for post-implant dosimetry using positive
contrast agent markers, e.g., Sirius20.

There are several commercialized MR+TRUS fusion soft-
ware, e.g., Koelisr21, MTT22, etc., for biopsy and BT software
packages, e.g., VariSeed™ and OncentraBrachy™. The accu-
racy desired for a biopsy is not sub-millimeter as compared
to the BT implants [133]. The commercial BT planning tools
are based on manual point-based, contour-based, or automated
mutual information algorithms. The limitation of rigid regis-
tration is that it does not account for tissue deformations[133].

Intra-operative image guidance is generally performed at
lower resolution because of fast-image acquisition in the
presence of a surgical tool [138]. It justifies the use of image
registration of preoperative images with real-time images and
updated iteratively. However, this requires an efficient image-
registration algorithms.

A. Image Acquisition

Image acquisition is a critical component of MRI-robotized
BT treatment. It demands the pelvis’s volumetric scan with
a different set of MR imaging sequences (T1−w, T2−w,
GRE, SE, etc.) for prostate, OARs, lesion characterization,
and imaging-tool for robot guidance. T1−w serve the purpose
of prostate definition, and T2−w are used to delineate the
substructures, OARs, and determines the lesion sites.

The 3D geometry generated from T2−w images can be
correlated with T1−w or real-time sequences for an implant.
Also, T2−w images alone are not reliable for needle guidance
in the case of the thin peripheral zone[139]. With the aid
of registration markers as reference points during imaging, it
helps to define the relative target position to track the changes
in anatomy during implant.

For diagnostic purposes, the image acquisition sequences
have been optimized, but this is not yet the case for BT
treatment or seed detection under real-time MRI, which are
under research [10]. Imaging protocol optimization is chal-
lenging due to the involvement of different parts in BT, i.e.,
a) needle, b) seeds, c) prostate, d) lesions, e) OARs, and f)
markers; each is having its own magnetic susceptibility and
influence on imaging. Another reason is that the different
vendors have their own standard protocols based on different
hardware and software. For imaging protocol, performing real-
time BT requires optimized MR-sequences that cater to BT

20http://www.c4imaging.com/sirius.html
21https://koelis.com/en/
22https://www.medical-tt.com/en/medicine/ldr-brachytherapy/

https://www.bebig.com/home/products/prostate_seed_brachytherapy/
http://www.c4imaging.com/sirius.html
https://koelis.com/en/
https://www.medical-tt.com/en/medicine/ldr-brachytherapy/
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components’ collaborative influence with clear image and
lesser artifacts for precise seed deposition.

Initial developments were based on 3D-geometric models,
and deformed model consideration for needle insertion is
under progress.

B. Needle Detection

A study carried out by Penzkofer et al. [142] investigated
interventional needle artifacts depending upon the type (needle
material/mandrin), orientation, and imaging sequences (B-
SSFP & T1-SPGR) within porcine tissue under 1.5 T and 3 T.
The authors stated there was no clear-cut co-relation between
needle diameter and material, and artifact size. A significant
factor noted was needle orientation affecting the artifact and
the needle mandrin material instead of the needle itself. Nickel
and steel mandrins resulted in larger artifacts. Also, surface
coating/processing of needle plays a role in less pronounced
artifacts with Ni. A glass fiber mandrin could be selected for
small lesion targets to avoid larger artifacts. In the case of
3 T, shorter echo times were chosen to reduce the impact
of higher field strength on artifacts. Clinically the differences
were insignificant for 1.5 T and 3 T; though statistically, they
were different.

The systems developed for prostate intervention with an
approach of MRI intra-operative needle insertion could not
get as many benefits from the MR-imaging. Currently, most
of the systems perform open-loop insertion and do not utilize
image-feedback to compensate for the deviations by adjust-
ing the trajectory during needle insertion. In addition, they
lack modeling of the target motion and needle deflection in
deformed soft-tissue.

C. Needle Guidance System

The needle holder’s navigation under direct MRI to perform
real-time needle tracking can be categorized into passive and
active guidance systems [133].

1) Passive guidance systems are based upon the surgical
tool’s susceptibility artifacts inside the patient’s body or fidu-
cial marker tracking placed along the patient body. This type
of tracking requires more time for better image acquisition
and induces errors in fiducial markers segmentation. Suppose
the refresh rate frequency is increased in order to improve the
situation. In that case, there is a subsequent reduction in time
output resolution and needle contrast relative to the tissue,
which complicates the tracking with respect to surrounding
tissues. For example, in passive fiducial tracking MR-spot
contrast, fiducials like Z-frame (6 DOF frame posing) [72] are
adopted for registration to patient co-ordinate system (RAS =
right-anterior-superior). The Z-frame’s registration accuracy in
[67] stated subpixel resolution in translation with mean error
= 0.27 << and 0.16◦ in orientation. The Z-frame attached to
the robot base is detected in an MRI, and locating the needle
driver based on the encoder position from kinematics [33].
Thus, Passive guidance systems lack accuracy and are sensitive
to artifacts. Considering the work of robotic system other than
prostate for in-bore needle intervention with the aid of passive
markers under 3 T MRI for clinical testing, resulted in <5 <<

accuracy with T1−w sequences, targeting 10 2< deep lesion
sites of ≥5 << size [141].

2) Active guidance systems require integration of the
RF-coil interventional tool, e.g., needle tip, which does not
require any space co-ordinate registration. In this way, it
can update the scan-plane according to needle tip position.
Still, we notice that this lacks information about the actual
needle orientation, which is vital for navigation. Active fiducial
tracking was demonstrated for prostate intervention in [21]
and for gynecologic interstitial BT in [143]. In general, active
guidance systems have high accuracy but are complex, demand
dedicated hardware such as small MR-compatible sensors
[133]; furthermore, it requires specific imaging sequences to
process RF coil signals. Additionally, sterilization of integrated
coils remains a challenging task [138].

D. Seed Localization

Seed localization is a critical component of LDR-BT.
Still, there are challenges of seed visualization during intra-
operative treatment under MRI, which need specific image
sequences for accurate seed placement. Also, seed verification
is challenging due to induced artifacts under real-time MRI.
Kuo et al. [144] presented an image processing algorithm
for prostate BT-seed localization based on Inversion-Recovery
with ON-resonant water suppression generating seed’s positive
contrast under MRI.

E. Use of Endorectal coil (ERC) vs. Standard MRI in treat-
ment planning

A study by Albert et al. [140] suggested that the en-
dorectal coil resulted in prostate distortions and a smaller
mean measured prostate volume than TRUS. The study also
stated that TRUS overestimates the prostate length, whereas
standard MRI has imaging advantages in treatment planning
and improved dose homogeneity. The rectal obturator was
used to help in prostate stabilization. The study also stated
accurate and better dose delivery control with MRI, thus
resulting in less toxicity. As prostate intervention based on
MRI does not require a TRUS probe or an ERC, the issue of
prostate deformation and movement induced by such probes
is eliminated. Inflatable ERCs potentially cause more prostate
distortion as compared to rigid-ERCs [25].

V. DOSIMETRY

The process of treatment planning in radiotherapy has
evolved tremendously as a function of the complexity of
treatment delivery. Before the year 2000 this process was
mainly manual. An operator (dosimetrist, or medical physicist)
selected a limited (< 5) number of beams and optimized the
shape (using the multi-leaf collimator, MLC) and the weights
of the individual beams to obtain a more or less conformal
dose distribution with a homogeneous dose in the target
volume. With the introduction of IMRT (Intensity Modulated
Radiotherapy), the treatment planning process become that
complicated with a large number of degrees of freedom, that
this process needed to be semi-automated [145], [146]. Inverse
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treatment planning consists of defining a number of constraints
and objectives, using a built-in objective function and an
optimization algorithm (e.g. gradient descent). The treatment
planning software will then come up with a solution that can
then iteratively be fine-tuned by the operator. In principle the
process still demanded a manual intervention of the operator.
More recently, several solution have been proposed to go to-
wards fully automated treatment planning. Several solution are
available already in commercial treatment planning systems
[147]. One solution is to mimicking the iterative process of
a human operator. Another solution consists of using a large
database of treatment plans that serve as a reference for a
new plan (by selecting the most similar patient from that
database and “copying” the corresponding treatment plan. A
third solution is based on generating a so-called pareto-optimal
plan (or even a series of such plans, allowing navigation to
select the most appropriate plan for the patient: multi-criteria
optimization. Recent methods are based on deep learning,
which provides very fast automatic optimization [148].

Implementing the above discussed ideas on BT towards a
fully automated solution, especially when adapting the plan
in real-time using the MRI images. For LDR treatment one
can imagine that a geometrical optimization will automatically
lead to an optimal dose distribution due to the short range
of the low-energy photons and electrons. For HDR, using
an isotope (Ir-192) emitting higher energy photons, a more
precise dose guided optimization should be performed, as
described above. The treatment plan should ensure that the
prostate receives a radiation dose high enough to destroy
cancer while sparing healthy surrounding tissues and the
internal urethral sensitive structure as far as possible. Planning
using the MRI images can improve dose planning, improving
target coverage, and reduce the dose to OARs [149].

Conventional dosimetric planning of LDR prostate BT
implants is based on TRUS imaging. At the start of the
procedure, the US of the prostate is acquired, and the prostate
and OARs are contoured. Automatic or manual optimization
of needle and seed positions is performed based on the
anatomical models and pre-defined dose tolerances. As the
needles are inserted under live US guidance, their position
is updated manually within the software, due to any small
inaccuracies in actual placement against the intended dose,
with a corresponding update in the planned dose distribution.
The user may choose to implant all needles followed by all
seeds or implant and deliver the seeds needle by needle. Either
way, future needle or seed positions are updated manually on
the software based on the final position of the needles and
seeds already implanted. Implanted needles and seeds may
have deviated from their planned position due to soft tissue
and needle interactions, edema, or clarifications. Also, image
quality makes it very difficult to assess a particular seed’s true
end location.

Generally, the dose distribution calculation are based on
unbounded homogeneous water phantom calculations accord-
ing to the TG43 algorithm [150]. The brachytherapy planning
system then convolves a total dose distribution from all sources
based on the known dose distribution around a single source.
This is undertaken irrespective of any heterogeneities within

the calculation volume.
Dose-calculation uncertainties are more pronounced with

low-energy 125-I and 103-Pd sources for LDR prostate BT
because of the radioactive seeds’ high-density material and
relatively low energy of emissions. In reference [151], sev-
eral heterogeneity corrections have been introduced for BT,
which can be accounted for in model-based dose-calculation
methodologies [152].

For dose calculation in radiation therapy, TPS require pixel-
values directly related to the electron density in order to make
attenuation calculations, which is not the case under MRI at
this stage. That is the reason MRI data requires conversion into
pseudo CT or synthetic CT (sCT). In radiotherapy, to achieve
MRI-only workflow, an accurate sCT generation is essential.
Further, to attain sCT from MRI (T2w-images) requires the
network’s training from the medical data-sets [153]. Currently,
research is ongoing to involve deep-learning in prostate BT
with automatic segmentation and reconstruction of implant
needle, lesion delineation, and real-time optimization of the
treatment planning with dose-calculation, shown promising
results for clinical BT [154]. However, deep-learning has
not been researched much for dose-calculation; Mao et al.
[155] presented a fast deep-learning BT model with more
rapid calculation than the Monte Carlo algorithm with similar
accuracy.

A. Real-Time Dosimetry under MRI

Cormack et al. [157] define a clinical method of real-time
dosimetry under MRI using transperineal BT, with a template
for dose delivery. The software calculates the dosimetry based
on inserted needles before delivery of seeds suggesting the im-
plants based on dosimetric feedback as compared to geometric
feedback. It is well known that the seeds show displacement
during delivery, and dosimetric calculation is based on inserted
needles. It is essential to adopt real-time dosimetric calculation
and adapt towards the next seed delivery under real-time MRI
to target seed deposition with ≤2 << accuracy.

Real-time dosimetry implant stages under MRI can be de-
scribed as 1) patient and imaging coil placement, 2) imaging,
3) target segmentation and dosimetry planning, 4) Needle
placement with positional feedback adaptation algorithms to
track the shifting target, and 5) Seed delivery to the target
site. Table II shows the main concepts of existing MRI robotic
systems for prostate intervention systems; the dosimetry col-
umn indicates work related to dose-planning software, and
source positioning. The systems stated for the prostate needle
placement are enlisted, and some systems that did not report
the dosimetry work are labeled as (NR), and robots studied for
needle placement developed without BT’s objective indicated
as not-applicable (X).

B. Dosimetry and Edema

Another critical factor is prostate edema needs to be ac-
counted for accurate dose delivery to soft tissues. The causes
of prostate edema can vary and depends up the number of
needle puncture, time, re-insertion and target adjustment, nee-
dle maneuvering to reach the target. Thus, edema influences
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the displacement of seeds post-implant dosimetry. Edema can
cause short term disruption to planned positions for seed
implants, due to swelling during the procedure which requires
re-optimization of planned seed positions, and also that edema
can cause differences between assessed dosimetry at the time
of implant and that assessed by post-implant CT dosimetry
up to 30 days later when edema will have resolved [158].
The topic is out of scope for this paper to fully elaborate and
cover it, and predictive models of edema with real-time needle
insertions can improve the overall dose planning. Westendorp
et al. [159] presented a study comparing the edema and seed
displacement in TRUS and CT based dosimetry with day 30,
stated that seeds delivered near to the rectum show more
displacement possibly due to the US probe. Mountris et al.
[160] presented a study to model edema in LDR-BT-based
computed deformations and integrating them to Monte Carlo
simulation for dose-estimations. The study claimed the model
benefit the overall treatment planning in dosimetry predictions
and help in post-implant dosimetry.

VI. DISCUSSION

This review has considered robotized developments for
prostate cancer diagnosis and treatment using MRI. MRI’s
imaging capabilities have revolutionized the quality of anatom-
ical visualization in oncology procedures. To achieve optimal
benefits of MRI for prostate brachytherapy and biopsy under
robotic interventions, these should be conducted within the
MRI bore, under real-time imaging. Conventionally, ultra-
sound provided the required real-time imaging but has rela-
tively poor image quality for precise interventions. In contrast,
MRI restricts conventional robotized applications due to the
strong magnetic field and material compatibility challenges.
Further, there are challenges from software development for
needle tip tracking of MR-Conditional needles and image
registration with markers for precise seed delivery. Therefore,
an integrated solution to take advantage of real-time imaging
and robots for clinical treatments is yet to be seen.

The surgical robot needs to comply with IEC 60601-1
standard and risk management process [2] and prove clinical
feasibility. The field of robotized needle insertion with real-
time MRI feedback for prostate cancer more exploration and
research with feasible solutions. There have been only limited
studies published, primarily with validation only on phantom
studies.

Another approach utilizing TRUS + MRI image fusion has
limitations due to image registration and is unable to gain the
benefits feasible with real-time MR-imaging. Such limitations
drive further research of concepts with the direct involvement
of MRI for intra-operative treatment. The feasibility of manual
intra-operative treatment [13] motivates to extend the proce-
dure with robotized treatment to attain better accuracy. Full
autonomy of surgical robots for clinical procedures is still
restricted by medical regulatory bodies and ethical review
boards with preference and priority to physicians only in
command, limiting the robot only to assist them for more
precision maintaining the final decisions with physicians. The
patient is in a dynamic state, with internal motion and structure

deformation in response to any intervention. In brachytherapy,
the prostate and surrounding soft-tissues undergo displace-
ments during needle insertion, the monitoring of which is a
critical factor for accurate needle placement adaptation using
real-time image guidance.

For a robot to act full-autonomously, these complexities and
uncertainties must be well managed, potentially with the use
of fiducial markers or real-time organ tracking. This domain
that desires require the robot’s full-autonomy. Fiducial markers
can be used to help the robot adapt.

The other research topics regarding seed deposition (robo-
tized) and visualization (under real-time MRI) need to be
explored. To date, only needle positioning accuracy has been
evaluated, and practical clinical procedure challenges such as
seed-dragging during single seed deposition need mitigation
or avoidance during robotized LDR-BT.

Some challenges can be stated for future developments of
robotic solutions but not limited to MRI-guided robots, such
as accounting the prediction models for edema, accounting
prostate motion, seed dragging during needle retraction, neo-
plasm issues with single needle use, needle vacuum while
retracting the mandrel, and last but not least an automated
seed loader device functional in-bore or near to the MRI
scanner, in order to reduce the procedure time and accom-
plishing brachytherapy under real-time intraoperatively. As
imaging technologies are evolving, in parallel to MRI a Mirco-
Ultrasound imaging is also being explored and resulted in
promising outcomes for better detection of cancer [161]. In
the future, such propositions can enhance robots’ precision
and accuracy.

VII. CONCLUSION

Robotics inclusion for cancer treatment is being explored
at a rapid rate in the last two decades. The development
and integration of the set of component systems of innova-
tive robotized technologies for prostate treatment under the
MRI environment face many challenges to be taken care of
due to MR-compatibility restrictions. Various research groups
have explored the domain of prostate cancer treatment under
MRI using robotic devices to attain better accuracy in tumor
targeting with encouraging TRL and to address the research
advancements, gaps, and challenges according to their exper-
tise.

We presented comparative work for prostate interventions
under MRI treatment concepts developed within the last 15
years, which demonstrate feasibility at different TRL levels.
Most of them lie between 3 to 4 TRL. These robotic de-
velopments need industrialization and clinical clearances after
demonstrating the clinical feasibility. This comparative study
allows us to make the positioning for the on-going EU CoBra
project, which intends to develop an MR-concept for robotic
diagnosis and treatment of localized Prostate cancers, targeting
TRL−6. The coming work-plan is the progressive clinical trials
on laboratory animals in 2021.
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