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Executive summary 
 

This deliverable presents the Journal papers prepared as part of the MRBREASTBTIO project. 

A manuscript entitled ñPhantom-based assessment of motion and needle targeting accuracy of 

robotic devices for MRI-guided needle biopsyò was submitted to the International Journal of 

Medical Robotics and Computer Assisted Surgery in November 2022. The manuscript was 

subject to peer review and revision twice, and was eventually accepted and published online in 

May 2023. It should be noted that an MRI compatible positioning device developed previously 

by our group was equipped with a biopsy needle and utilized for the purposes of the specific 

study in order to avoid disclosure of the MRBREASTBIO system.  

Another paper entitled ñDevelopment and evaluation of a robotic device for MRI-guided 

needle breast biopsyò was prepared by the team and will be submitted after the relevant 

patent application is filed since it includes confidential data (i.e., detailed description of the 

systemôs components and features), which should not be disclosed prior to the patent 

application. Otherwise, the technological novelty will be decreased, thus compromising the 

possibility of obtaining a patent.  

Both the published and draft manuscirpts are presented below.
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ABSTRACT 

Background: This study concerns the development and evaluation of a robotic system intended 

for Magnetic Resonance Imaging (MRI)-guided needle breast biopsy with lateral needle 

approach.  

Methods: The device comprises two piezoelectrically-actuated linear stages intended to 

aligning a needle supporter with the target location for manual needle insertion by the doctor. 

Evaluation of targeting accuracy was performed in an in-house agar-based phantom simulating 

the MR relaxation properties of real tissue in the laboratory and a 3T scanner. 

Results: Tumour simulators of 5, 10, and 15 mm diameter were punctured successfully by the 

needle in 10/10 trials. Accurate placement of a water-filled syringe relative to each target was 

evidenced by MRI, simultaneously verifying the systemôs compatibility with a high field 

scanner. 

Conclusions: The developed MRI compatible robotic biopsy device is characterized by a 

simplified design and advanced ergonomics. Feasibility phantom studies showed high accuracy 

and repeatability of targeting. The proposed device has potential for future clinical use upon 

further validation. 

 

 

 

 

KEYWORDS : MRI-guided, breast biopsy, positioning device, agar phantom, accuracy 
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1. INTRODUCTION  

The use of robotically assisted, image-guided percutaneous biopsies over conventional ones 

that rely on manual insertion of the biopsy needle by the radiologist has grown over time 

offering less invasiveness and quicker recovery.1,2 Accordingly, biopsy procedures have 

become more reliable thanks to the improved stability and accuracy of robotic manipulators 

compared to human hands. Typically, localization of the suspicious lesion and guidance of the 

needle manipulator are based on ultrasound (US), magnetic resonance imaging (MRI), and 

computed tomography (CT) image feedback.1,2 

Globally, the most prevalent type of cancer malignancy and the sixth leading cause of cancer-

related death in women is breast cancer.3-4 A triple diagnostic method is followed including 

clinical examination, imaging assessment, and then percutaneous biopsy in case of lesions 

suspected of malignancy. US is the preferred modality for image-guided biopsy of lesions 

identifiable on US, where free-handed core biopsy (CB) sampling is typically utilized. It 

provides real-time guidance without ionizing radiation and accessibility to all breast areas.5,6 

Various robotic systems for US needle guidance have been developed on experimental level 

through the years7ï12 to facilitate doctors who usually suffer from fatigue and musculoskeletal 

problems.13 Most of them are based on the same principle, where the doctor marks the region 

of interest (ROI) on the relevant US image for registration in the robotôs coordinates, which 

then moves to align the needle with the desired location for final insertion by the doctor.14  

Around two decades ago, Megali et al.7 proposed an US-guided biopsy system comprising an 

already existing robotic arm with eight degrees of freedom (DOF), a 3D optical localizer for 

tracking the main systemôs components, and the relevant computer-based main processing unit. 

Mallapragada et al.15,16 followed a different approach and developed a robotic system for 

manipulating the breast mass instead of the needle. Around the same time, a 2D US-guided 
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two-DOF robotic arm comprising a 14G needle was developed and found to possess a mean 

trajectory error of 0.75 ± 0.42 mm.8 The system was tested by radiologists on chicken tissue 

and found to be faster and more accurate than the free-hand technique.8 Another robotic system 

was developed by Smith et. al.9 for CB under 3D US guidance simultaneously offering breast 

stabilization. Nelson et al.10 presented a complete biopsy system comprising a six-DOF robotic 

arm that was integrated with an US imaging system offering volume breast US data, as well as 

a dedicated table for prone positioning of the patient. Its targeting accuracy was tested based 

on a camera tracking technique and found to be within ±1 mm. Notable, a later study11 

introduced a needle steering system that combines a two-DOF needle insertion device with a 

five-DOF system designed for maneuvering an US transducer to obtain 3D imaging data.11 

More recently, a mechanical end-effector for robotically-assisted 3D US breast scanning and 

biopsy that can accommodate needles of any size has been proposed.12 This system enables 

needle guidance in three DOF while needle insertion is performed by the user. 

Lesions that are not identifiable on US images are typically sampled under stereotactic 

mammography guidance.17 This procedure can be performed either on a dedicated biopsy table 

with the patient in the prone position, or by fixing an add-on stereotactic unit on the existing 

mammographic equipment.18 In both techniques, the breast is compressed and vacuum assisted 

biopsy (VAB) sampling is usually preferred due to the smaller rates of false-negative results.19 

There are several marketed robotic systems for automatic needle alignment. As an example, 

the Affirm biopsy system exists both as an add-on unit20 and a table system,21 offering needle 

guidance in the cartesian coordinate system, as well as 2D and tomosynthesis imaging 

capabilities. They are both based on mammographic images, on which the doctor marks the 

ROI. The needle holder is automatically moved to the corresponding coordinates in the X-Y 

plane with an estimated targeting accuracy of 1 mm for manual insertion of the needle in the Z 

direction. Interestingly, a few mechanical systems have been developed on a research level 
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combining both US and stereotactic mammography guidance to overcome the limitations each 

modality presents when used as a stand-alone method.22ï24  

MRI is considered a superior guidance modality in that it can detect lesions while still being 

occult in traditional examinations and it is recommended especially for women being at high 

risk of developing breast cancer.25,26 In such cases, an MR-guided biopsy is needed to 

histologically determine possible malignancy of the tumour. The patient is commonly in a 

prone position on a specially designed MR bed with a hole for the breasts, which are 

immobilized by vertical compression plates for avoiding any shift during the procedure.27 An 

initial scanning is conducted for lesion localization. The optimum hole of a localization grid 

(lying in line with the lesion), as well as the insertion depth of the needle are determined by a 

combined biopsy software.27 The patient is then moved out of the bore and a sheath is inserted, 

through which the biopsy needle will be advanced to the target. The coaxial sheath is placed 

with the help of a stylet, which is replaced by a plastic MRI-visible obturator. An additional 

scan is followed to confirm that the obturatorôs location coincides with that of the target.27 The 

biopsy is usually performed outside of the magnet and involves inserting a hollow needle 

towards the lesion. Lateral approach of the needle is recommended,28 especially for deep 

lesions,29 with the localization methods involving grid, pillar and post, as well as free-hands 

techniques.30  

Even though high successful rates of the current approach of MR-guided breast biopsy have 

been achieved in several studies, the technique has a number of drawbacks, such as the 

necessity of repetitively moving the patient into and out of the scanner, the possible lesion 

movement due to involuntary movements or tissue-needle interaction, the acquisition of large 

volumes of tissue and the prolonged procedures.31 Therefore, a robotic contribution is required 
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for addressing the aforesaid limitations, thus providing a more accurate and efficient biopsy of 

the involved lesions.  

Some initial trials for robotic breast interventions in the MRI setting resulted in the 

development of a six-DOF robotic system for both biopsy and therapy of breast tumours,32 a 

system featuring five DOF for minimally-invasive remote intervention in the breast by means 

of ultrasonic motors,33 and a single-DOF teleoperated needle driver robot.34 Later, a six-DOF 

master-slave robotic system intended to be placed underneath the headrest was developed35 for 

accurate needle positioning and insertion. Actuated by five pneumatic cylinders and one 

piezomotor, the slave robot can be tracked in the MRI coordinates allowing the physician to 

operate the master console under real-time MRI guidance. Although sufficient target accuracy 

of a 12G MRI coaxial needle was achieved, the robot workspace is confined and access to 

challenging lesion locations is infeasible.35 A six-DOF image-guided automated robot (IGAR) 

actuated by piezoelectric motors was also designed to be accommodated under the headrest.36 

Needle interventions were performed only outside of the MRI bore utilizing an introducer-

localization system demonstrating a sub-millimeter targeting ability in free space.36 

More recently, a piezoelectrically actuated robotic manipulation system (MR-SON) with four 

DOF controlled by an image guidance software was manufactured.37 Its slim design makes it 

suitable for lateral approach of the needle since it can fit in the MRI bore between the patient 

and the gantry. Due to the confined workspace, the system features a bendable 13-G needle. 

Experiments performed in a breast phantom showed a targeting accuracy of ± 2.5 mm. 

Although the lateral approach is considered advantageous for targeting challenging lesions, 

insertion of the bendable needle is limited only in several directions.37 

More technological advances have seen the production of the ñStormram 4ò, which is a four-

DOF serial kinematic manipulator driven by two liner and two curved pneumatic stepper 
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motors.38 It constitutes a 3D-printed improved version of earlier designs,39,40 in terms of 

accuracy, size, complexity, and available workspace. It utilizes curved air-pressure motors 

allowing it to fit and operate inside the MRI scanner. Lateral approaches for automatic insertion 

of the needle are allowed. According to trials in breast phantoms, this robot offers needle 

targeting with a mean positioning error of 1.29 ± 0.59 mm. 

It is interesting that a novel palm-shaped breast deformation robot was designed41 to be placed 

in the MR bore with the aim to optimize breast compression and provide flexible breast 

configuration and comfort to the patients. With multiple-DOF actuated by a piezoelectric motor 

and multiple pneumatic bladders, the robot can compress the breast in multiple angles, thus 

increasing the biopsy precision.41 

In this study, we propose an MRI-compatible breast biopsy robotic device that is characterized 

by a simplified design with all the mechanical components being arranged in a slim rectangular 

enclosure that is placed laterally to the patient. The device comprises two 3D-printed 

piezoelectrically-actuated linear stages of motion that are based on jackscrew mechanisms for 

positioning a needle supporter along the anterior-posterior and inferior-superior axes of an MRI 

scanner. Remote control of the mechanism is achieved through an electronic driving system, 

which is in turn interfaced with a custom-made biopsy planning software. 

The device proposed herein is universal since it can be seated on the table of any conventional 

scanner of up to 7T while previous devices are positioned underneath the patient,35,36 thus 

requiring modification of the MRI table or the addition of a dedicated one. It is also easily 

portable due to its small size and light weight, as well as straightforward and ergonomic to use 

through the user-friendly commands of the biopsy software. In contrast with existing 

devices,37ï39 the system is also considered to offer advanced safety features since there are no 
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moving parts in the scanner. Furthermore, manual insertion of the needle by the physician does 

not withdraw the factor of ñhuman controlò.  

The performance of the developed biopsy system in terms of accurate and repeatable needle 

targeting was assessed by laboratory and MRI studies in a dedicated agar-based phantom with 

tumour simulators, which was designed to mimic critical MRI properties of real tissue. 

Notably, tissue mimicking phantoms based on agar have become a key tool in the preclinical 

testing of medical systems and protocols.42ï46 

2. MATERIALS A ND METHODS 

2.1   Robotic design 

The robotic device was specially designed on the Inventor Software® (Autodesk, San Rafael, 

California, United States) to operate in the MRI scanner for needle breast biopsy through a 

lateral approach and manufactured on a rabid prototyping system (FDM400, Stratasys, 7665 

Commerce Way, Eden Prairie, Minnesota, 55344, USA) using Acrylonitrile styrene acrylate 

(ASA) and Polylactic acid (PLA) thermoplastics. It comprises a positioning mechanism 

intended to navigating a biopsy needle to align with a target position. The mechanism consists 

of two piezoelectrically-actuated (USR60-S3N, Shinsei Kogyo Corp., Tokyo, Japan) motion 

stages offering linear motion in two orthogonal axes (X and Y). Optical encoders (EM1-0-500-

I, US Digital Corporation, Vancouver, Washington, USA) were incorporated to provide motion 

feedback, thus ensuring accurate needle positioning.  

The Y-stage enables adjusting the needleôs position in the vertical axis extending in anterior-

posterior direction with the use of a jackscrew mechanism. As shown in the Computer Aided 

Design (CAD) drawing of Figure 1a, the Y-axis jackscrew has a first end attached to the Y-

axis motor while being advanced through the respective threaded hole of the Y-axis driver 
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brace so as to convert the angular motion of the motor into linear motion of the brace. Two 

plastic drive shafts were incorporated enhancing motion stability of the driver brace. As it can 

also be seen in Figure 1a, the driver brace includes three equally spaced holes that can 

accommodate a needle supporter, thus increasing the available motion range.  

The X-stage shown in Figure 1b enables adjustment of the needleôs position in the horizontal 

axis, which extends in superior-inferior direction. Motion of the X-stage is actuated based on 

the same principle as the Y-stage but through a quite more complicated mechanism. 

Specifically, the angular motion of the X-axis motor is transmitted vertically to two jackscrews 

located at the top and bottom opposite sides of the stage through a series of gears. Similar to 

the Y-stage, these jackscrews are advanced though the respective threaded holes of the X-axis 

drive braces thus converting the angular motion of the motor into simultaneous linear motion 

of the two braces. Again, a drive shaft was added at each side for enhancing structural stability. 

Both stages incorporate an optical encoder system for motion feedback and accurate 

positioning along the two linear axes. The encoder strips were securely attached to the 

mechanism extending in the X- and Y-axes with the assistance of dedicated strip holders while 

the encoder modules were mounted on the respective driver braces, thus moving along the 

respective stripes for generating position signals during motion. The motion range is 90 and 

130 mm in the X- and Y-axes, respectively.  

The X- and Y-stages were assembled together and arranged within a rectangular frame as 

shown in Figure 2a. The CAD drawing of the final device including covers and the needle 

supporter is shown in Figure 2b whereas Figure 2C is a photo of the manufactured device. In 

the real environment, the device is intended to be placed between the subject and the MRI bore, 

as illustrated in Figure 3, thus allowing for lateral needle approach to the breasts.  
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2.2 Navigation software for MRI-guided needle biopsy 

The robot was interfaced with an in-house developed navigation software that includes tools 

for MRI interfacing, biopsy planning and control of the motion stages. The navigation features 

enable selection of the target location on pre-operative MR images of the ROI and automatic 

placement of the needle supporter based on the extracted motion vectors that are sent by the 

software to the electronic driving system. Remote device control is possible through the 

software commands and corresponding driving electronics, thereby creating an efficient 

procedural workflow. The software interface and main navigation tools are shown in Figure 4.  

2.3 Systemôs evaluation in MRI compatible phantom 

2.3.1 MR relaxation properties of candidate agar-based mixtures 

Agar-based phantoms with different concentrations of inclusions were prepared and contained 

in the rectangular mold shown in Figure 5a, along with two reference liquids (water, oil). 

Agarose (Merck KGaA, EMD Millipore Corporation, Darmstadt, Germany) and silicon 

dioxide (Sigma-Aldrich, St. Louis, Missouri, United States) were utilized in different 

concentrations to demonstrate their effect on MRI properties. Three phantoms were prepared 

with varying concentration of agarose of 2 ï 6 % weight per volume (w/v), which serves as the 

gelling agent. Various amounts of silicon dioxide (2ï 8 % w/v) were added in phantoms with 

a fixed concentration of 6 % w/v agar. A detailed description of the preparation process can be 

found in a study by Drakos et al.47  

The container was sited on the table of a 3T MRI scanner (MAGNETOM Vida, Siemens 

Healthineers, Erlangen, Germany) for imaging and the Biomatrix 12 channel body coil 

(Siemens Healthineers) was securely positioned at sufficient distance above the container using 

a supporting structure. The experimental setup can be seen in Figure 5b. 
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2.3.1.1 Variable Flip Angle T1 Mapping 

Images of the phantoms were obtained in coronal plane using a Gradient Echo (GRE) sequence 

at variable flip angle (FA) of 5 - 26º for T1 mapping. The data were fitted into the following 

equation 1:48 

ɥ -
 

ÓÉÎὥ     [1] 

where ɥ  is the longitudinal magnetization, -  is the magnetization at thermal equilibrium, 

TR is the pulse sequence repetition time, and ὥ is the excitation flip angle. Image acquisition 

was performed using the following parameters: repetition time (TR) = 15 ms, echo time (TE) 

= 1.95 ms, echo train length (ETL) = 1, pixel bandwidth (pBW) = 277  kHz, matrix size = 160 

x 160, slice thickness = 5 mm, and number of excitations (NEX) = 1.  

2.3.1.2 Variable Echo Time T2 Mapping 

A T2-weighted (T2-W) Spin Echo (SE) sequence was employed for estimating the transverse 

relaxation time. Multiple scans were obtained at variable 4% values of 13.8 - 69 ms and the 

measured signal intensity over 4% was fitted to the exponential decay function of equation 2:49 

ὓ ὓ Ὡ                                                       [2] 

where ὓ  is the transverse magnetization and ὓ  is its maximum value. The images were 

acquired with the following parameters: TR = 1910 ms, TE = 13.8 ï 69 ms, FA = 180º, ETL = 

5, pBW = 228 kHz, matrix size = 160 x 160, slice thickness = 3 mm, and NEX = 1. 

The MR relaxation times of each phantom were estimated through a voxel-by-voxel analysis, 

where parametric maps were derived from the series of acquired images by fitting the 

mathematic models to the acquired data for each individual voxel through automated 

algorithmic processing. 
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2.3.2 Agar-based phantom development 

A phantom containing multiple biopsy targets was then created. The selection of materialsô 

concentration was mainly based on the T1 and T2 measurements of the various agar-silica 

mixtures and the resultant gel stiffness. Specifically, three cylindrical tumour simulators with 

diameters of 5, 10, and 15 mm were created my molding in a dedicated 3D-prtined mold. Two 

gel mixtures of different agar/silica concentration that presented notable difference in both T1 

and T2 were utilized for simulating the tumour and breast tissue. The developed phantom was 

imaged utilizing a T2-W Turbo Spin Echo (TSE) sequence (TR = 2500 ms, TE = 46 ms, FA = 

180°, ETL = 8, pBW = 50 Hz/pixel, FOV = 200 x 200 mm2, matrix size = 128 x 128, slice 

thickness = 8 mm, and NEX = 1) to evaluate MRI visibility. 

2.3.3 Benchtop and MRI targeting accuracy  

Evaluation of the accuracy and precision of the needle supporter in reaching biopsy targets was 

carried out in benchtop and MRI settings. For the purpose of this experiment, a 3-mm plastic 

needle was 3D-printed using ASA thermoplastic and attached to the needle supporter. The 

experimental set-up as arranged in the laboratory is illustrated in the photo of Figure 6. The 

device was connected to the laptop integrating the relevant biopsy software through the custom-

made electronic driving system. The agar phantom was fixed within the workspace of the robot 

on a dedicated holder allowing for direct access to the biopsy targets by the needle.  

The needle was repetitively commanded (n=10) to reach each one of the tumour simulators. 

Guidance of the needle supporter in relation to the target location was planned on previously 

obtained MR images involving the use of a water filled syringe. The user chose the tumour 

simulator to be targeted on the relevant phantom image, and then pushed the needle to puncture 

the phantom following motion execution. The targeting procedure was considered successful 

when the needle tip was visually detected at the desired position within the tumour simulator. 
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The experimental set-up for MRI evaluation in the 3T scanner (Magnetom Vida) is presented 

in Figure 7. The electronic driving system remained outside of the MRI room while being 

connected to the device through shielded cables. A water-filled syringe was attached to the 

needle supporter of the robotic device and the phantom was covered by a multichannel body 

coil (18-channel, Siemens Healthineers). Registration of the needle supporter in relation to the 

phantom was achieved by acquiring axial scans showing the syringe and phantom. The syringe 

was then robotically moved from its initial position to align with the target location following 

navigation planning on T1-Weighted (T1-W) TSE axial images of the relevant ROIs. The 

following imaging parameters were employed: TR = 700 ms, TE = 22 ms, FOV = 20×20 mm2, 

Matrix size = 128×128, ETL = 3, FA = 180o, Slice thickness = 8 mm, and NEX = 2. Following 

execution of the commanded motion steps, image acquisition was repeated to assess the 

accuracy of syringe placement.  

3 RESULTS 

3.1 MR relaxation properties of candidate agar-based mixtures 

Indicative T2-W SE images of the various agar/silica mixtures acquired at different TE values 

for T2 mapping are presented in Figure 8. Table 1 lists the mean value of the T1 and T2 

relaxation times and the corresponding standard deviation of each recipe as estimated by the 

voxel-by-voxel analysis. Note that both T1 and T2 were gradually decreased with increasing 

agar concentration (2-6 % w/v). The same behavior is observed with increasing silica 

concentration (2-8 % w/v). 

3.2 Agar-based phantom development 

The silica concentration of 8 % w/v (in a 6 % w/v agar gel) resulted in a very stiff phantom, 

whereas the agar concentration of 2 % w/v (pure agar gel) resulted in a slightly loose phantom, 

and therefore, the specific recipes were abandoned. Based on the T1 and T2 estimates of the 
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remaining recipes (Table 1), tumour simulators of 5, 10, and 15 mm diameter were made out 

of 6 % w/v agar and 4 %  w/v silica powder, whereas in the surrounding tissue a 4 % w/v agar 

and no silica were used. A photo and a T2-W TSE image of the developed phantom are 

respectively shown in Figures 9a and 9b.  

3.3 Benchtop and MRI targeting accuracy  

Regarding laboratory evaluation, all three tumour simulators were successfully punctured by 

the needle in 10/10 trials with high repeatability among repetitions. Successful alignment of 

the syringe with the targets was also observed in the MRI study. Indicative results of the robotôs 

targeting accuracy are presented in Figures 10 and 11. Figure 10a shows the target location as 

defined in the software, whereas Figure 10b is an indicative photo of the punctured phantom 

taken in the laboratory. Note that the needle tip is located at the center of the 5-mm target. 

Accordingly, Figures 10c and 10d show fused T1-W TSE axial images showing the initial and 

final (following navigation) location of the syringe in relation to the 5-mm tumour simulator, 

respectively. The corresponding results obtained for the 10-mm tumour simulator are shown in 

Figure 11. 

4 DISCUSSION 

Biopsy procedures have become more reliable thanks to the accuracy and precision of 

robotically assisted, image-guided percutaneous biopsies. The current study provides a detailed 

description of a new developed 2-DOF MRI compatible breast biopsy robotic device that was 

designed to be placed in the MRI scanner laterally to the patient based on the teamôs vast 

experience in the design of MRI-guided robotics.50ï56 Both linear stages are actuated by 

piezoelectric motors and possess an accuracy of about 0.1 mm as estimated through numerous 

experiments performed to evaluate previous robotic devices of the team, which use the same 

principle of motion.57ï59 Sufficient evidence of MRI compatibility is also available in previous 
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publications of the group. Specifically, the device employs materials that were proven proper 

for integration in the MRI bore in terms of having no significant interaction with the scanner 

and introducing acceptable noise level when using proper imaging sequences.55,57ï60 It is noted 

that the use of piezoelectric motors and encoders makes the system MR-conditional in 

accordance with the F2503 standard of the American Society for Testing and Materials 

(ASTM) as described by Stoianovici et al.61  

The manufactured robotic device has a simple, slim and lightweight design that makes it easily 

transportable, cost-effective and more ergonomic compared to more complex systems having 

their components moving in the bore of the scanner.35,37,38 It can be placed between the patient 

and the gantry allowing for lateral approach of the needle, which is beneficial especially for 

deep lesions while leaving sufficient space for comfortable placement of the patient.28 This 

configuration also enhances the safety of the procedure since there are no moving 

(mechatronic) parts at the side of the patient. By using this simplified design and the rapid 

prototyping method, manufacturing and maintenance costs are low as well. 

The mechanism comprises the X- and Y-stages of motion that individually move the needle 

supporter along the X- and Y-axes, respectively, offering a workspace of 90 x 130 mm2. The 

jackscrew mechanisms used to generate the linear motion increase the torque of the motors 

producing a smooth, controllable movement. Furthermore, the motion mechanism possesses 

high structural stiffness and rigidity that were further increased with the incorporation of the 

plastic shafts, thereby offering stable positioning of the water-filled syringe or needle, as well 

as the load capacity to accommodate a biopsy gun in future experiments. Placement of the 

needle supporter relative to the target is achieved remotely through a custom-developed biopsy 

software that was interfaced with the robotic device allowing for needle navigation planning 

on MR images of the ROIs and real-time monitoring of motion execution through its interface. 
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The creation of a phantom with three targets of varying diameter was the initial stage of the 

assessment process. The phantom was designed to evaluate the preclinical effectiveness of the 

developed biopsy system in terms of the accuracy of needle placement in laboratory and MRI 

environments. T1 and T2 measurements of different mixtures of agar and silicon dioxide 

powders were initially conducted to investigate the effect of varying the concentration of these 

ingredients on the resultant relaxation times. Both T1 and T2 were gradually decreased with 

increasing amount of agar and silica. A similar trend was observed in a previous study,62 in 

which T1 and T2 mapping was performed in a 1.5 T MRI scanner. Herein, the estimated T2 

relaxation times ranged from 23 to 112 ms (3T) and are partly consistent with the values 

reported for soft tissues in a review article by Bottomley et al.63 roughly ranging from 40 to 80 

ms. Note that the T2 value of oil could not be measured because of chemical shift artifacts that 

were obscuring the location of the measurement. Regarding the longitudinal relaxation time 

T1, literature values (at 3 T) are harshly between 500 and 1000 ms64 for soft tissues and between 

898 and 1509 ms for muscle.49 The T1 estimates (3T) for the agar-based phantoms are higher, 

ranging from 1975 to 3080 ms.  

The variation of properties among the tested recipes allowed the creation of tumour simulators 

with excellent MRI visibility. In fact, the mixture containing 6 % w/v agar and 4 %  w/v silica 

powder and the one containing only 4 % w/v agar that showed sufficient difference in their MR 

relaxation times were selected to mimic tumour and breast tissue, respectively. SE imaging 

yielded phantom images of very good quality in terms of contrast and resolution with very 

good delineation of the phantom edges and all biopsy targets.  

In this study, evaluation of the systemôs performance was focused on the accuracy and 

repeatability of targeting biopsy targets embedded in a gel phantom. All three tumour 

simulators were sequentially targeted in laboratory and MRI studies. In each case, the two 
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dimensional path of the needle supporter was extracted from the software based on the obtained 

axial images illustrating the syringe and the phantom at the level of the tumour simulators.  

In the benchtop study, a plastic needle made out of ASA was attached to the robot and 

repetitively commanded to align with each tumour mimic for final insertion by the user (n=10). 

The results showed excellent targeting repeatability with no off-target insertions (Figures 10b 

and 11b). Similarly, MRI evaluation involved navigating a water-filled syringe as attached to 

the needle supporter to align with the targetôs position, where the positioning accuracy was 

examined by fusing MRI scans of the syringe and target. In all cases, the syringe was observed 

as a white spot at the desired location within the tumour simulator, which appeared with 

reduced intensity compared to the surrounding breast mimicking material (Figures 10d and 

11d). These findings further demonstrate the softwareôs functionality, and that the system 

responds properly in the real environment in terms of executing the software's commands 

correctly and maintaining accurate needle placement without compromising the quality of 

imaging. 

5 CONCLUSIONS 

The study introduced an MRI compatible robotic biopsy device that is characterized by a 

simplified design and advanced ergonomics. Phantom studies provide initial evidence of 

accurate targeting in both the laboratory and MRI room, as well as proper software 

functionality and communication with the relevant hardware. Overall, the system possesses 

potential for future clinical use upon further evaluation of the accuracy and repeatability in the 

real environment. In this regard, the system may be equipped with a breast stabilization system 

and a biopsy gun for the acquisition of tissue samples. 
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Phantom # Material Composition T1 ± SD (ms) T2 ± SD (ms) 

1 2 % agar 3080.1 ± 121 111.7 ± 2.6 

2 4 % agar 2486.2 ± 53.9 53.3 ± 1.5 

3 6 % agar 2137.9 ± 30.5 40.2 ± 2.2 

4 6 % agar, 2% silica 2259.6 ± 41.2 32.9 ± 0.8 

5 6 % agar, 4% silica 2040.7 ± 47 29.7 ± 0.7 

6 6 % agar, 6% silica 2039.2 ± 38.4 23.8 ± 0.6 

7 6 % agar, 8% silica 1975 ± 54.2 22.7 ± 0.7 

8 Water 3468.9 ± 238.6 96.4 ± 2 

9 oil 309.8 ± 4.3 -  

 

Table 1: Mean values of T1 and T2 relaxation times and the corresponding standard deviation 

(SD) of each phantom recipe as estimated by voxel-based analysis. 
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LIST OF FIGURES LEGENDS  

Figure 1: CAD drawings of the (a) X-stage and (b) Y-stage indicating the various components. 

Figure 2: CAD drawings of the (a) assembled mechanism integrated within the frame and (b) 

final device with all mechanical parts enclosed within the outer cover. (c) Photo of the 

manufactured device. 

Figure 3: CAD drawing of the biopsy device placed in the MRI scanner for lateral needle 

approach to the breast. 

Figure 4: Software interface screenshot with the main navigation tools indicated: 1. placing 

navigation points, 2. controlling motion manually, 3. starting navigation planning, 4. erasing 

navigation points, 5. ñhomingò menu, and 6. creating new layers. 

Figure 5: (a) Photo of the phantoms in the mold and the corresponding recipe. (b) The 

experimental setup for T1 and T2 measurements. 

Figure 6: Experimental set-up for accuracy evaluation arranged in the laboratory setting with 

the various system components indicated. 

Figure 7: Experimental set-up for accuracy evaluation inside the 3 T MRI scanner with the 

various system components indicated.  

Figure 8: Coronal slices of the phantoms acquired using a T2-W SE sequence at TE values of 

(A) 13.8, (B) 41.4, and (C) 69 ms. Imaging parameters: TR = 1910 ms, FA = 180º, ETL = 5, 

pBW = 228 kHz, matrix size = 160 x 160, slice thickness = 3 mm, and NEX = 1. 

Figure 9: The developed agar-based biopsy phantom: (a) photo indicating the diameter of each 

tumour simulator and (b) T2-W TSE coronal image with TR = 2500 ms, TE = 46 ms, FA = 
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180°, ETL = 8, NEX = 1, pBW = 50 Hz/pixel, FOV = 200 x 200 mm2, matrix size = 128 x 128, 

and slice thickness = 8 mm. 

Figure 10: (a) Target location set at the 5-mm tumour (red bullet) in the biopsy software. (b) 

Needle tip location after manual needle insertion in the 5-mm tumour mimic in the laboratory. 

(c) Fused MR image showing the initial location of the syringe relative to the phantom. (d) 

Fused MR image showing the syringe within the targeted tumour after navigation. MR images 

were acquired with a T1-W TSE sequence (TR = 700 ms, TE = 22 ms, FOV = 20×20 mm2, 

Slice thickness = 8 mm, ETL = 3, FA = 180o, Matrix size = 128×128, and NEX = 2). 

Figure 11: (a) Target location set at the 10-mm tumour (red bullet) in the biopsy software. (b) 

Needle tip location after manual needle insertion in the 10-mm tumour mimic in the laboratory. 

(c) Fused MR image showing the initial location of the syringe relative to the phantom. (d) 

Fused MR image showing the syringe within the targeted tumour after navigation. MR images 

were acquired with a T1-W TSE sequence (TR = 700 ms, TE = 22 ms, FOV = 20×20 mm2, 

Slice thickness = 8 mm, ETL = 3, FA = 180o, Matrix size = 128×128, and NEX = 2). 
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