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Executive summary
In this deliverable (D4.1), the MR compatibility of the transducer and the
robotic system was evaluated. Initially, a review of MR compatibility of various robotic
systems that have been produced worldwide is described. Ultrasonic motors, encoders
and transducers have been evaluated for MR compatibility. The MR sequences which
were used to test the MR compatibility of different electronic devices are also
mentioned.
The MR compatibility of the transducer was assessed using Fast Spoiled
Gradient (FSPGR) sequence and the MR compatibility of the robotic system was
assessed using T2 Weighted-Fast Relaxation Fast Spin Echo (T2W-FRFSE), FSPGR
and Echo Planar Imaging (EPI) sequences. Because of the use of piezoelectric motors,
transducer and optical encoders that require electricity during operation, the proposed
robotic system was classified as MRI-conditional, according to the ASTM standards
(F2503, F2052, F2213, F2182, and F2119).
The SNR in a specific location in the agar-based phantom was measured for
transducer activation and the SNR in a specific location in an MR-phantom was also
measured for different configurations (robotic device in MR bore, connection of robotic
device with piezoelectric motors and optical encoders and activation of these devices).
All components (piezoelectric motor, optical encoder and transducer) require the use of
electricity during activation. The uniformity of the agar-based phantom and the MR
quality assurance phantom was estimated for the different configurations.
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Introduction
Overview of MR compatibility of MRI devices
A robotic system that is intended to work in MRI must be MR compatible for many
reasons such as MR safety, preservation of image quality, and ability to operate
unaffected by the scanner’s electromagnetic fields [1]. The image quality needs to be
high in order to obtain accurate results. The monitoring of temperature change in realtime at the treatment location where necrosis might be occurred is an important point
using focused ultrasound under MRI guidance. An accurate temperature change can be
recorded only if the image quality of the acquired MR images is sufficient for proper
image processing using MR thermometry.
Any ferromagnetic material must be avoided entirely since this type of materials
causes image artifacts and distortion [2]. Non-ferromagnetic metals such as aluminum,
brass, titanium, high strength plastic, and composite materials are permissible, but they
might cause imaging artifacts due to their interactions with the MR field gradients [3].
Acrylonitrile Butadiene Styrene (ABS) and other three-dimensional printing materials
are MR compatible [4].
MR image artifacts may be caused due to the use of piezoelectric basedactuators. Piezoelectric actuators have been used extensively for MRI applications and
have been shown to be MR compatible. Various types of MR compatible piezoelectricbased actuators have been developed and have been used in MRI guided therapeutic
applications [5,6]. The motion of medical robots is performed via the actuators and each
degree of freedom (DOF) needs an encoder (linear or rotational) that works as detector
of the motion. During the motion of a robotic system, the encoders and the signals that
are transferred via a cable can create artifacts and distort or shift the MR images by
decreasing the homogeneity of the magnetic field. Moreover, the activation of the
focused ultrasound transducer might cause artifacts to the MR images.
An MRI medical robotic system can be tested for MRI-compatibility by
evaluating the effect of the stage on image artifacts, Signal-to-Noise Ratio (SNR), and
magnetic field (B0) homogeneity. The use of each stage in the MRI scanner is evaluated
with different pulse sequences. Proper attention to materials used in device design,
electronic shielding and object placement, location, and orientation in the MR field can
help control the effects of imaging artifacts. According to the U.S Food and Drug
Administration (FDA) and the American Society for Testing and Materials (ASTM),
three levels of MRI device classification are defined [7,8] as MR safe (safe to use in all
MR environments), MR unsafe (poses a risk to the patient or the operator) and MR
conditional (safe to use in a specific MR-environment).
The MR compatibility can be evaluated based upon changes in SNR. SNR is
the signal in the center of the homogeneous phantom or tissue, divided by the noise
intensity in the periphery as defined by the National Electrical Manufacturers
Association (NEMA) standard for determining SNR in MR images [9]. The signal is
defined as the mean pixel intensity in the region of interest (ROI). The noise is defined
as the root mean square (RMS) signal intensity in an ROI outside of the material to be
tested.
Medical robotic systems that are suitable in MRI-environment have been
reported so far [1,10-20] and a review of the deteriorations which these robotic systems
create in the SNR of an MR image are discussed. The robotic systems are mainly
systems for prostate interventions using needle [10-12], surgical assisted robots [1,13],
surgical robot for deep brain stimulation [14], image guided interventions [15],
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diagnostic and therapeutic interventions in the abdominal and thoracic cavities [16],
heart diseases [17] and transnasal neurosurgery [18]. Additionally, the clinical Philips
Sonalleve MRgFUS system was also tested for MR compatibility [19].
The SNR according to the distance of different types of motors from the center
of the MR bore was estimated [20-22]. The SNR according to the distance from the
center of the MR bore of a conventional joystick was also tested and it was observed
that when the joystick was placed 15 cm away from the phantom object, it did not cause
any distortion to the MR image. The piezoelectric (ultrasonic) motors even that they
are magnetism free, due to their operating high frequency currents can create image
distortion if operated closer than 0.5 m from the image isocenter [22]. The Shinsei
motors are widely used for MR compatible robotic systems [1,2,19,23-24] while
Nanomotion motors are used in only few cases possible due to their high price [2,11].
However, it was resulted that as the Nanomotion motors move away from the edge RFcoil the SNR is remarkably increasing until a distance of 0.6 m while further removal
does not show any change in the SNR [22]. Another important result is that with more
severe operating conditions like higher voltage or higher speed, the SNR drops.
A device shall be considered as ''MR compatible'' if its use in the MRenvironment does not adversely impact the image quality. A comparison of the SNR
between three types of motors was performed [2]. It was observed that the pneumatic
cylinder and controller causes no negative impact on the SNR, the Nanomotion motor
slightly reduces the SNR under 3 T while under 1.5 T the reduction is significant.
Pneumatic actuators are an ideal choice for MR compatibility since they are
electromagnetism free, but they are hardly controllable. The Shinsei motor causes larger
reduction in SNR compared to the Nanomotion motor and the pneumatic cylinder. In
all cases where the Shinsei motors have been tested for MR compatibility, it was found
that the SNR showed no reduction with the motors disabled whereas with the activation
of the motors, the motors do not significantly affect the SNR and nor create artifacts in
the MR images. In another case, the MR compatibility of the Shinsei motors was
examined using FISP sequence [12]. The SNR variation of ultrasonic motor under
different conditions was measured. The SNR with motor unwired had a 6.9 %
reduction, with motor wired but not powered there was a slightly higher loss of SNR
(7.6 %), with motor powered but not actuated a loss of 11.7 %, motor actuated at half
max speed a loss of 13.8 %, and motor actuated at max speed a reduction in the SNR
of 13.7 % was observed. The results using the Shinsei motors demonstrate the good
compatibility of the piezo-motor with the MR-environment and consequently the piezomotors are considered as MR compatible. Moreover, the change in the SNR by the
addition of motors in MRI of 1.5 T and 3 T was compared [2]. The SNR loss is greater
on 1.5 T MR scanner than on 3 T scanner.
Studies were performed to evaluate the effect of SNR after shielding the robotic
device, motors and wiring of the devices [11,16,20,25]. Shielding of the electronic parts
of the robotic devices improves the SNR and avoid artifacts in MR images. In a study
[11], by turning the controller on with motors disabled reduced the SNR by 50 %
without shielding. The SNR was reduced by 80 % without RF shielding and 40-60 %
with RF shielding. In another study [20], the quality of MR image was improved by
adding a shield cloth around a motor (spherical ultrasonic motor). At the center of the
imaging volume the SNR without the shield was 11 while with the shield the SNR
increased to 77. Shielding of the Shinsei ultrasonic motors was tested in order to achieve
higher SNR in MRI-environment [16]. During the SNR measurement having a phantom
inside the MRI room and when the motor was deactivated, the SNR dropped when the
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unshielded motor was activated. After shielding the motor, the SNR recovered to high
values.
The activation of the encoders also affects the SNR of the MR images [12,14].
Encoders are activated when the motors move in order to know when the motors should
stop. Thus, encoders and motors are usually activated together to create motion of a
robotic device. Despite that the motors and encoders are operated relatively close to the
scanner’s imaging isocenter, the system still causes negligible interference with the
scanner. The success of the scanner tests described in a study [14] has shown that the
sources of imaging interference produce an acceptably low contribution to SNRvariation of the imaging. Configurations were the phantom only, motor and encoder
unpowered with controllers DC power supply turned on and motor running at a specific
speed. The SNR with motor deactivated was improved while with motor activated there
was no statistically significant variations between baseline (with phantom only) and
motor running conditions. The MR compatibility of the encoders was also examined
using fast low angle shot (FLASH) 2D gradient echo sequence [12]. The SNR with
encoder unwired had a minor reduction of 0.4 % and with encoder wired but not
powered there was a loss of 1.7 %. The SNR with encoder powered appeared a
reduction of 2.6 %.
MR compatible focused transducers are constructed by companies active in the
field of HIFU (Sonic Concepts, Imasonic, Biopac Systems, FUS Instruments,
Medsonic). The MR compatibility of a ring transducer was examined [26]. T1 images
of pork and the ring transducer during HIFU sonication showed that the noise occurred
between the ring transducer and the pork. The source of noise could be the eddy current
generated by the closed loop circuit like the grounding electrodes of the ring transducer.
However, the MRI interference from HIFU did not occur in the ROI and the ring
transducer could emit HIFU to ablate the pork as planned in the process of MR imaging.
In another study, MRI-compatible HIFU system was successfully adapted to perform
localized mild hyperthermia treatment in rodent models and focused transducers with
sector-vortex lenses were tested for MR compatibility [27]. The effect of MR
compatible focused transducers housed in ultrasound (US) probes on MRI monitoring
were evaluated [28]. It was found that MR compatible US probes with backing material
containing a specific amount of a material (ferrite) did not disturb MR monitoring
except within a few mm radius from the US probe's position. Lastly, a Sonic concepts
transducer was tested for MR compatibility [29]. When the transducer was introduced
in the MRI (activated) without DC supply activation, the SNR drop drastically meaning
that the RF artefact of the transducer caused major artefacts despite the use of a low‐
pass filter.
Robotic systems, ultrasonic motors and encoders either with shielding or not
were tested for MR compatibility using various MRI sequences [2,11,14-19,24,30].
Most common MR sequences that are used to monitor treatment and obtain high
resolution images are the T1-weighted, T2-weighted, Spin Echo (SE), Fast Spin Echo
(FSE), Gradient Echo (GRE), Fast Spoiled Gradient (FSPGR) and Echo Planar Imaging
(EPI). A comparison between these common MR sequences was performed and it is
concluded that they show similar SNR behavior [11,14,17-19]. A body RF-coil was
used to acquire SE and GRE images of a compact linear motion stage which is actuated
with ultrasonic motor [24]. The system appeared a limitation when the motor was very
close to the isocenter. The limitation was that some pulse sequences (GRE, Diffusionweighted imaging and FSE) may introduce extensive noise on the encoder signal line,
resulting in device malfunction.
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Materials and Methods
The 2 DOF and 4 DOF robotic systems were tested for MR compatibility. The axes of the
robotic devices were driven by piezoelectric ultrasonic motors (USR30-S3 N, Shinsei
Kogyo Corp., Tokyo, Japan). For each DOF, an angular optical encoder was used (EM12-2500-I EM1, US Digital Corporation, Vancouver, WA 98684, USA).
The SNR was measured in an agar-based phantom (6 % w/v agar, 30 % v/v
evaporated milk) for amplifier and transducer activation and the SNR was also measured
for different configurations (robotic device in MR bore, connection of robotic device with
piezoelectric motors and optical encoders and activation of these devices) in an MRphantom (cylindrical, SNR 150027). The FUS system was consisted by a signal generator
(HP 33120A, Agilent Technologies, Englewood, CO, USA), an RF amplifier (250 W, AR,
Souderton, PA, USA) and a spherical transducer (Medsonic LTD). The transducer operates
at 2.6 MHz, has focal length of 6.1 cm and diameter of 3.8 cm.
The robotic FUS systems were tested in a 1.5 T MR system (Signa, General
Electric, Fairfield, CT, USA) using a GPFLEX coil (USA instruments, Cleveland, OH,
USA). Figure 1 shows the experimental set-up with the transducer and the agar-based
phantom on the table of the GE MRI scanner that was used to test the MR compatibility
of the transducer (activated or not) and the SNR effect after amplifier activation. Figure 2
illustrates the experimental set-up with the 2 DOF robotic device and the MR-phantom in
the MRI room but outside the MR bore. Figure 3 shows the experimental set-up after it
was placed in the MR bore. The RF-coil was placed around the agar-based phantom in
order to enhance the MR signal.

RF-coil

Agar-based phantom

Transducer

Figure 1: Experimental set-up to check the MR compatibility of the transducer and amplifier activation.
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RF-coil
MR phantom

Motor
connection
cable

Robotic device
Encoder connection
cable

Figure 2: Experimental set-up as illustrated in the MRI room but outside the MR bore in order to check the MR
compatibility of the piezoelectric motors and optical encoders. The 2 DOF robotic system was used.

Figure 3: Experimental set-up as illustrated in the MR bore in order to check the MR compatibility of the piezoelectric
motors and optical encoders. The 2 DOF robotic system was used.
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MR compatibility of the transducer
In order to test the MR compatibility of the activation of the transducer and
amplifier the agar-based phantom was used. The SNR was measured under various
conditions (electronic system presence or activation, and transducer presence or
activation) using T1W‐SPGR with the following parameters: repetition time (TR) = 40
ms, echo time (TE) = 19 ms, field of view (FOV) = 21 cm, matrix = 128 × 128, flip
angle = 30o , Number of excitations (NEX) = 1. Table 1 summarizes the different
conditions for which the SNR of the agar-based phantom was calculated.
Table 1: List of the different conditions for which the SNR of the agar-based phantom was measured in order to
evaluate the MR compatibility of the transducer.

No
1
2
3
4
5
6
7

Condition
Transducer and amplifier deactivated
Transducer deactivated and amplifier activated
Amplifier activated and transducer activated at 12 s
Amplifier activated and transducer activated at 24 s
Amplifier activated and transducer activated at 36 s
Amplifier activated and transducer activated at 48 s
Amplifier activated and transducer activated at 60 s

An axial T2W-FSPGR image of the experimental set-up was initially obtained
as shown in Figure 4. The following parameters were used: repetition time (TR) = 5
ms, echo time (TE) = 1.4 ms, field of view (FOV) = 21 cm, matrix = 256 × 256, flip
angle = 30o, Number of excitations (NEX) = 1. Coronal MR images of the agar-based
phantom taken with T1W-SPGR sequence are shown in Figure 5 for the different
conditions of Table 1. Figure 5A, shows the SPGR image of the phantom with the
transducer placed in the MRI bore and deactivated and the amplifier unpowered. Figure
5B, shows the SPGR image of the phantom after powering on the amplifier, but with
deactivation of the transducer. Figures 6C, D, E, F and G show the SPGR images of the
phantom with activation of the transducer at different sonication time during a total
sonication of 60 s.

degassed/deionized
water
phantom

transducer

Figure 4: T2W-FSPGR coronal image of the experimental set-up that was used to investigate the MR compatibility
of the transducer.
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Figure 5: Coronal MR images obtained using T2W-SPGR sequence for A) amplifier without DC supply, B) amplifier
with DC supply and transducer deactivated, C) amplifier with DC supply and transducer activated at 12 s, D) 24 s,
E) 36 s, F) 48 s, and F) 60 s .

The difference between the MR image obtained with the amplifier unpowered
and after the activation of the amplifier is shown in Figure 6. The pixel-by-pixel of the
MR image obtained with the amplifier powered and transducer deactivated (reference
image) was subtracted from the MR images taken with the transducer activated at 12 s,
24 s, 36 s, 48 s, and 60 s as shown in Figure 7. The surrounding area of the phantom is
the degassed/deionized water which was vibrated by the activation of the transducer.

area of the phantom

Figure 6: Difference image between the MR image obtained with the amplifier deactivated and the MR image
obtained after powering on the amplifier.
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Figure 7: Difference images between the MR image obtained with the amplifier powered and transducer
deactivated (A) and MR images taken with the transducer activated at 12 s, 24 s, 36 s, 48 s, and 60 s.

A method in NEMA standard [9] was used to measure the SNR in the phantom
for different configurations. A measurement ROI of at least 75 % of the area of the
image of the signal-producing volume of the phantom was selected. The SNR was
calculated by subtracting the mean signal of that ROI from the standard deviation of
the same area (in pixels) in the background of the image (noise) as shown in equation
(1).

𝑆𝑁𝑅 =

𝑆𝑖𝑚𝑎𝑔𝑒
𝑆𝐷𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

(1)

Figure 8 shows the SNR measured for different activations (amplifier and
transducer) using T1W-SPGR. The amplifier ON means that the RF amplifier was
activated with a DC supply and the transducer ON means that the transducer was
activated and sonicated HIFU energy in the agar-based phantom. When the transducer
was not activated without DC supply activation, the SNR was high. When the amplifier
was powered on, the SNR dropped slightly meaning that the RF amplifier does not
cause artefacts to the MR images and it has minimal effect on the SNR. The SNR
decreased drastically when the transducer was activated. During transducer’s
activation, the SNR remained almost constant meaning that the duration of the
activation of the transducer does not affect the SNR.
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Figure 8: SNR using T1W-SPGR sequence measured for different activation conditions (RF amplifier and
transducer).

MR compatibility of the robotic devices, ultrasonic piezoelectric motors and
optical encoders
MR images of different pulse sequences were acquired. A T2-Fast Recovery
Fast Spin Echo (T2W-FRFSE) sequence was used as a high-resolution image of the
different conditions. The MR thermometry sequences Fast Spoiled Gradient (FSPGR)
and Echo Planar Imaging (EPI) were also obtained and the SNR for the different
conditions was compared. Table 2 summarizes the MR pulse sequences used and the
different conditions for which the SNR was calculated in order to estimate the SNR of
the MR quality assurance phantom. Since during imaging the positioning device is
static, the piezoelectric motor was deactivated in all the tests. The electronic system
that controls the piezoelectric motor and the optical encoder required DC electricity.
Table 2: List of MR sequences and conditions that were used to calculate SNR.

No
1
2
3
1
2
3
4

MR sequences
T2W-FRFSE
FSPGR
EPI
Conditions
Phantom only (baseline image)
Robotic device in MR bore (unconnected)
Robotic device in MR bore (connected) with electronic system deactivated
Robotic device in MR bore (connected) with electronic system activated

MR images of the cylindrical phantom taken with T2W-FRFSE, FSPGR and
EPI are shown for the different conditions in Figures 9, 10 and 11 respectively. The
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difference between the baseline image (with phantom only) and the image taken in each
different condition is also shown.

Figure 9: MR images (top) obtained using T2W-FRFSE sequence for the different conditions and the corresponding
differences (bottom) between each condition and the baseline (phantom only) image.

Figure 10: MR images (top) obtained using FSPGR sequence for the different conditions and the corresponding
differences (bottom) between each condition and the baseline (phantom only) image.
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Figure 11: MR images (top) obtained using EPI sequence for the different conditions and the corresponding
differences (bottom) between each condition and the baseline (phantom only) image.

Figures 12, 13 and 14 show the SNR measured for different conditions using
T2W-FRFSE, FSPGR and EPI respectively.
25

24,5

24

SNR (dB)
23,5

23

22,5
Phantom only
(control)

Robotic device in MR
bore

Robotic device
connected

Robotic device
powered

Figure 12: SNR using T2W-FRFSE sequence measured for different conditions.
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20,2
20,1
Phantom only
(control)
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Figure 13: SNR using FSPGR sequence measured for different conditions.

23,4
23,2
23
22,8

SNR (dB)
22,6
22,4
22,2
22
Phantom only
(control)

Robotic device in MR
bore

Robotic device
connected

Robotic device
powered

Figure 14: SNR using EPI sequence measured for different conditions.

The points in the graph in Figure 15 show the SNR in the phantom for each
sequence at each configuration.
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FSPGR
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Normalized SNR
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1
0,99
0,98
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0,96
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Phantom only

Robot in bore Robot connected Robot powered

Figure 15: SNR for three MR imaging protocols with the system in different configurations. Lines represent mean
SNR.

Non-Uniformity Index of agar-based phantom and MR-phantom under different
configurations
The uniformity of the agar-based phantom for the different configurations was
investigated. The Non-Uniformity Index (NUI) is a suitable standardized measure to
investigate magnetic field uniformity. Scanning sequences, imaging planes, coils and
presence of metallic materials can influence MR image uniformity. To evaluate the
uniformity of the images, we measured the signal intensity at 5 sample points according
to the standardized sample method laid out by NEMA (Figure 16) which allows for
successive calculation of an NUI for each image. The 5-point measurement was used
for each different configuration in order to investigate if the different conditions of the
robotic system affected the uniformity of the phantom. Figure 17 shows the NUIs (in
%; lower means more uniform) based on 5 sampling points for the different
configurations.

Figure 16: Standardized 5-point measurement method based on NEMA in order to calculate the NUI of the agarbased phantom for the different configurations.
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Figure 17: NUI versus different configurations using T1W-SPGR sequence for the agar-based phantom.

The 5-point measurement was also used for each different configuration and
MR sequence (presence of the robotic devices, motors and encoders) for the MR quality
assurance phantom. Figure 18 shows the standardized sample method laid out by
NEMA in order to calculate the NUI of the MR quality assurance phantom for the
different configurations. Figure 19 shows the NUIs based on 5 sampling points for the
different MR sequences and configurations.

Figure 18: Standardized 5-point measurement method based on NEMA in order to calculate the NUI of the MR
quality assurance phantom for the different configurations.
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10

T2-FRFSE
FSPGR
EPI

NUI (%)

9

8

7

6

5
Phantom only

Robot in bore Robot connected Robot powered

Figure 19: NUI versus condition for three MR sequences obtained in the MR quality assurance phantom.
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Conclusions
In this deliverable, the MR compatibility of the activation of the transducer and RF
amplifier was evaluated in an agar-based phantom. The SNR was measured under
various conditions (electronic system presence or activation, and transducer presence
or activation) using T1W‐SPGR sequence. The SNR was maximum when all
components were deactivated. There was some decrease in the SNR when the RF
amplifier was activated and there was a higher decrease in the SNR when the transducer
was activated. During transducer’s activation, the SNR remained almost constant
meaning that the duration of the activation of the transducer does not affect the SNR.
We have shown that the piezoelectric motors and optical encoders of the robotic
devices to be MR compatible under high resolution sequences and MR thermometry
imaging sequences. The SNR in the MR quality assurance phantom for different
configurations was calculated. There was some decrease in the SNR when a motor or
encoder or the transducer was activated. It was shown that the SNR does not change
dramatically from the control condition with the phantom present in the MR bore or
with the presence of the electronic system (activated or not). The highest reduction of
the SNR was calculated with T2W-FRFSE sequence and there was a reduction of
around 1.2 dB. The SNR using FSPGR and EPI dropped slightly with each
configuration change. Both motors and encoders did not cause dramatic reduction in
the SNR for all MR sequences. The overall result is that both FSPGR and EPI can be
used to obtain MR data for MR thermometry since the robotic system does not
significantly affect the SNR. However, an attempt to obtain MR images during motion
of the robotic system introduced extensive noise on the encoder signal line, resulting in
device malfunction. Anyway, imaging during robot motion is never needed and
therefore this unpleasant situation does not affect any of the imaging sequences.
The NUI of the agar-based phantom under various conditions was estimated.
The uniformity of the agar-based phantom was slightly improved when the amplifier
was activated while the uniformity was decreased when the transducer was activated.
During the activation of the transducer, the uniformity of the phantom remained almost
stable without significant changes.
The NUI of the MR quality assurance phantom for the different MR sequences
and configurations was also calculated. At the control condition with the phantom only,
the minor drop in the uniformity of the phantom was possibly due to the poor
transmission of the RF-coil. The uniformity of the phantom showed the same behavior
for the T2W-FRFSE and FSPGR sequences. It was slightly decreased when the robotic
device was introduced in the MR bore and it remained almost unaffected when the
robotic device was connected and activated. The uniformity of the phantom using the
EPI sequence was better than using T2W-FRFSE or FSPGR sequences and did not
show any drop during the different configurations. Overall, the presence of the robotic
device in the MR bore, its connection to the electronic system and the activation of the
electronics did not significantly affect the SNR and uniformity of the MR-phantom.
To sum up, the activation of the amplifier, transducer, piezoelectric motors and optical
encoders does not affect the quality of MR thermometry. Since the quality of the MR
images is not affected more than expected, electromagnetic shielding is not necessary.
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