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Abstract

Magnetic resonance imaging (MRI) is the mainstay of diagnostic imaging, a
versatile instrument for clinical science and the subject of intense research
interest. Advancing clinical science, research and technology of MRI
requires high fidelity measurements in quantity, location and time of the
given physical property. To meet this goal a broad spectrum of commercial
measurement systems has been made available. These instruments
frequently share in common that they are costly and typically employ
closed proprietary hardware and software. This shortcoming makes any
adjustment for a specified application difficult if not prohibitive.
Recognizing this limitation this work presents COSI Measure, an automated
open source measurement system that provides submillimetre resolution,
robust configuration and a large working volume to support a versatile
range of applications. The submillimetre fidelity and
reproducibility/backlash performance were evaluated experimentally.
Magnetic field mapping of a single ring Halbach magnet, a 3.0 T and a 7.0
T MR scanner as well as temperature mapping of a radio frequency coil
were successfully conducted. Due to its open source nature and versatile
construction, the system can be easily modified for other applications. In a
resource limited research setting, COSlI Measure makes efficient use of
laboratory space, financial resources and collaborative efforts.

Introduction

Magnetic resonance imaging (MRI) is a vital clinical tool for diagnosis and
for guiding therapy, which has been described as the single most important
medical innovation[1, 2]. MRI is a versatile instrument for clinical science
and the subject of intense research interest. Research directions focus on
conventional and emerging applications[3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14,
15, 16, 17] facilitated by enabling technology including new magnet
design[18, 19, 20], gradient coil developments[21, 22], novel radio frequency
technology[23, 24, 25, 26, 27, 28, 29], techniques for probing and shimming
magnetic fields[30, 31], transmission field mapping and shaping[32, 33],
electric property tomography[34], thermal interventions and RF heating[35,
36, 37], magnetic resonance safety and MR compatibility[38, 39, 40, 41, 42].
Advancing this research requires high fidelity measurements in quantity and
location of the given physical property, including E-fields, H-fields and
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temperature.

To meet this need a portfolio of instruments supporting temperature, E-field or
H-field probes are commercially available. The ubiquity of and enthusiasm for
these instruments is strongly hampered because they are costly and commonly
customized if not limited to a specified application. Mapping a tiny volume
might be sufficient for E- or H-field measurements of small and mid-size RF
antennae[43]. Yet, examining the characteristics of large volume or whole
body RF antennae requires enhanced coverage including the whole magnet
bore. The spatial resolution requirements for E- or H-field measurements in
test objects might be sufficient within a centimetre resolution. MR safety
applications like RF induced E-field or temperature measurements of subtle
passive conductive medical implants might require sub-millimetre resolution
though[39, 44]. The performance of RF coils or gradient coil inserts can be
evaluated outside of the MR magnet. Yet, main magnetic field
characterization or measurements during MRI scans might require sensors
being positioned and moved inside the MR magnet. Supporting a broad range
of applications requires the capability to position the measurement device
horizontally and vertically.

Developing a measurement system that meets the requirements of spatial
fidelity without the use of any magnetic components constitutes a challenge,
1s costly and might come with the caveat of offsetting if not losing its
versatility and capability to support a broad range of applications. Common
3D printers or XYZ tables can be potentially used in conjunction with E-field
and H-field probes to map the field of RF coils, however they are not strong
enough to facilitate long probes that reach into the MR scanner bore, are
limited by the mapping volume or lack an open source nature in order to
adjust the system for the intended application[41, 43, 45].

Recognizing these limitations this work presents an automated open source
measurement system that provides submillimetre resolution for a material cost
of ~2000€. The development of this measurement system is part of the cost
effective open source imaging (COSI) initiative aiming to build an affordable
open source MR system and dedicated research hardware[46, 47, 48]. COSI
Measure can be used together with various probes including electromagnetic,
temperature and ultrasound sensors in magnetic resonance research and in
related fields. Due to its open source nature and versatile construction, the
system can be easily modified for other applications such as computer
numeric control machinery, 3D printing, surface-mount device soldering etc.
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The open source nature of COSI Measure (updates will be posted on
www.opensourceimaging.org) allows the research community to share and
enjoy improvements, upgrades and modifications of the system, which
simplifies and accelerates the reproducibility of research results. In a resource
limited research setting, COSI Measure makes efficient use of laboratory
space, financial resources and collaborative efforts.

Methods

Mechanical subsystem

The mechanical subsystem has been designed in a 3D CAD (computer-aided
design) model using SketchUp Make (version 15.3.331, Trimble Navigation
Limited, Sunnyvale, CA, USA). It is designed as a three axis linear stage[49,
50, 51], with a robust aluminium based frame[52]. A strong and robust setup
was intended to accommodate a broad spectrum of measurement, construction
or scientific tools such as electromagnetic field probes, temperature sensors,
drills, plotters, saws, pipettors etc. The base frame is made of 11 aluminium
profiles and has the dimensions of (880 x 960 x 840) mm?, so that it is able to
pass through a door (standard width = 940 mm). Three ball screws (one for
each axis) which consist of 5 mm threaded shafts and ball bearings have been
used to translate rotational motion to linear motion. A second ball screw can
be mounted along the x-axis for applications that need higher forces (e.g.
CNC applications). The advantages of using ball screws are high precision
and good reproducibility, which are key features for measuring physical
parameters. We use linear bearings and supported rails to support the
mechanical movement for the x- and y-axis while precision shafts and linear
bearings are used to guide the movement along the z-axis. Ball screws and
floated bearings are mounted on customized aluminium (10 mm thickness)
plates. Limit-switch- and cable-chain-holders were designed in 3D CAD and
3D printed with ABS (acrylonitrile butadiene styrene) material. A movable lift
table allows mobility of the system and provides the possibility of adjusting
the height of the machine.

Assembly instructions, 3D CAD models of the complete system, the
aluminium plates and limit switch holders, as well as the numbered part list
with cost, quantity and vendor are available in the files provided, with an
overview given in Table 1.
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Table 1

Design files for the mechanical subsystem.

File/folder Contents

This file describes the assembly process of the

assembly_instructions.docx machine step by step.

This folder contains all the SketchUp design files for
the aluminum plates. Files in this folder are named in

Aluplates the format of Pn_XxYxZ, with Pn being the name of
the plate, X, Y and Z being the dimensions of the
plate.

This folder contains all the design files for the limit

Limit Switch holder switch and cable chain holders.

This file is the SketchUp design for the whole

complete system.skp system.

This file contains information of all the components

partlist.xlsx used in the mechanical subsystem.

Electronic subsystem

The electronic subsystem consists of a community-supported open source
embedded computer Beagle Bone Black (BBB)[53], a cape board BeBoPr++
(http://elinux.org/BeBoPr%2B%?2B), a power management board, a power
supply unit (PSU), NEMAZ23 stepper motors, DM542A motor drivers and
LJ12A3-4-Z/BX inductive proximity sensors. The schematic of the
functionality is displayed in Fig. 1. The Beagle Bone Black is the heart of the
electronic subsystem. It is equipped with an AM3358 (Texas Instruments,
Dallas, TX, USA) which is a 1 GHz ARM Cortex-A8 System-on-Chip
processor, 512MB DDR3 SDRAM (double data rate type three synchronous
dynamic random-access memory) and versatile input/output options. The
AM3358 is particularly suitable for real-time tasks like controlling motors
since it contains two 32-bit microcontrollers which form the programmable
real-time unit subsystem and industrial communication subsystem
(PRU-ICSS). The BBB has 65 GPIO (general-purpose input/output) pins
allowing for flexible application. The cape board BeBoPr ++ is designed to
work with the BBB, which can be mounted on top. It is equipped with
interfaces to connect up to 5 motor drivers, 6 limit switches, thermos sensors
and PWM (pulse-width modulation) outputs for a possible CNC/3D-printing
application. The BeBoPr++ also provides power (5 V direct current (DC)) for
the BBB. All the signals interfacing BBB are protected on the BeBoPr++ so
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that the BBB would not be damaged. An emergency stop button was included
for hardware protection and safety reasons. A power management board

(Fig. 2 shows its block diagram) was designed with the open source EDA
(electronic design automation) tool KiCad (version 4.0.2, kicad-pcb.org) to
distribute the power in COSI Measure and to provide logic level conversion
for the inductive proximity sensors. AC (alternating current) power is
distributed to the PSU for the motors through a relay on this board. There is
an AC/DC module on the board to generate 12 V DC power supply for the
BeBoPr++. Two push buttons connected to a complex programmable logic
device (CPLD: XC2C64A, Xilinx, San Jose, CA, USA) are used to control the
AC and DC power on and off independently allowing turning the BBB on and
leaving the motors off in order to save energy. Delay circuits are implemented
in the CPLD so that a short press on the buttons turns the power on while a
long press turns the power off. Six inductive proximity sensors with a
detection distance of 4 mm were used as limit switches to detect the working
range of COSI Measure. These sensors require a minimum working voltage of
6 V DC which is higher than the interface logic (5 V transistor—transistor logic
(TTL)) on the BeBoPr++. Hence six logic shifters were implemented on the
power management board. We used three NEMA23 stepper motors (3 A@36
V, 3NM holding torque, 1.8° step angle) together with three DM542A motor
drivers, which allow 2-128x micro-stepping leading to a theoretical precision
limit of ~200 nm and a half holding current operation for power saving. We
chose to use stepper motors mainly for three reasons: 1) Stepper motors
provide a submillimetre resolution. 2) They are easy to operate and to deploy.
Stepper motors have positional control via its nature of rotation by fractional
increments, so that no feedback (closed-loop) is needed for accurate
positioning. 3) Stepper motors are less expensive than alternatives such as
servo motors or piezoelectric/ultrasound motors. The motors and drivers are
supplied by an AC/DC power supply unit (36 V, 9.7 A). The electronic
components have been integrated into a PC (personal computer) chassis for
easy transportation. An HDMI (high-definition multimedia interface) monitor,
a keyboard, a mouse as well as an RJ45 Ethernet cable were connected to the
BBB via the chassis, so they form a complete standalone computing system.
Cables from the stepper motors and limit switches were inserted into cable
chains and soldered to miniature circular connectors. This allows flexibility in
removing the standalone COSI Measure PC to be unplugged and used for
other applications.

Figure 1

Schematic of the electronic subsystem. 3 stepper motors are controlled by
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Beagle Bone Black (BBB) through the BeBoPr++ base board and the motor
drivers. 6 limit switches are connected to the BBB through level shifters on the
power management board. An emergency switch is connected for safety
reasons. The power supply unit and the power management board are in charge
of generating, distributing and managing the power for the system. Peripherals
such as monitor, keyboard and mouse are also connected.
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Figure 2

Block diagram of the power management board. The AC/DC module is used to
generate the 12V DC power for BeBoPr++/ BBB, level shifters and limit
switches. The DC/DC circuit converts 12V input to 5V for level shifters and
the CPLD. Two push buttons connected to the CPLD are used for controlling
the power supply for motors and BeBoPr++/BBB separately by manipulating
the relays.
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PCB (printed circuit board) design files of the power management board
(schematic & layout), bill of materials, connection guide and the CPLD source
code are available in the files provided, with an overview given in Table 2.

Table 2

Design files for the electronics subsystem.

File/folder Contents

This file contains information of all the components used in
BOM.xlsx .
the electronic subsystem.

COSI pwr board This folder contains the project files of the power management
board, e.g. schematic and layout files.

This folder contains the project files for the CPLD on the

COSI_pwr_CPLD power management board.

Software

The latest firmware and instructions for the installation of the BBB can be
found at http://beagleboard.org/latest-images. We are running Debian 7.11.
The motor controller program contains two parts: PRU code and ARM code.
The PRU code comes in the form of a binary module with the BeBoPr++ and
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is proprietary. Yet, the PRU code is stored in the memory chip on the

BeBoPr++. It 1s shipped together with the BeBoPr ++, so any lab that follows
our part list and instructions will have the PRU code at no additional cost. The

PRU code runs on the co-processors and controls the timing and acceleration

for the stepper motors. The ARM code is open source and well commented. It

forms a layer above the PRU code and is responsible for tasks like command
parsing, G-code (MIT, Cambridge, MA, USA) processing, distance
calculation, etc. This software works with command line interface and
responds to G-code commands by user input. We forked the project from
https://github.com/modmaker/BeBoPr and adapted it for COSI Measure. A
graphical user interface (GUI, Fig. 3) was developed with PyQt (version
4.9.3)[54] to integrate all the functions, so that we could have a more user

friendly interface than the command line interface. It provides four functions:

1) System initialization: Initialize the motor controller and the serial port,
which connects to the measuring instrument (e.g. a Gaussmeter). A
server was implemented in the motor controller ARM code. During
system initialization the GUI starts the motor controller and establishes a
link to the server so that the GUI can send commands to the motor
controller and check its status. Two status indicators represent the status
of the motor controller and the serial port respectively. A green indicator
indicates the motor controller or the serial port functioning correctly,
otherwise red. A sub-window shows the motor controller interface.

2) Homing: Move along the whole measurement range until x z

min®> Ymin> Zmin

and Xmax’ ymax

process is finished without error.

3) Single coordinate measurement: Move to a single point and read sensor
data. The machine moves to a location specified by the user (coordinates
are in millimeters, e.g. x 100y200z300) and then takes a measurement.
The readout is then displayed on a sub-window of the GUI.

4) 2D/3D path measurement: Move and measure along a user defined
trajectory. The user should provide two files in which one contains the
trajectory (each line contains one coordinate in millimeters); the other
will have the raw measurement results appended. A progress bar was
implemented to show the measuring process.

Figure 3

and z . are found. An indicator will turn green when this
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Graphical user interface for COSI Measure. The left side of the GUI contains
windows of the four functions: system initialization, homing, single coordinate
measurement and 2D/3D path measurement. The top half of the right side of the
GUI displays the status of the motor movements while the bottom half shows
the measurement readouts.
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0.124, 0,005, 0.00

Maove along a path and measure 0124, 0.005. 0.002
0.134, 0.00%, O |:||:|?1

Load path fle; D fhomefhanftest path 0,124, 0.004, 0.003
0,124, 0.004. 0.001
0.123, 0.004, 0.003

Save data as: D hamefhanftest data 0,125, 0.003, 0.001
0.1F% oDE Q.O002
0.124, 0.004, 0.003

Exacute Sto :
! P 9.124. 0.003. 0.003

0124, 3.004, D003

| 67% | 1134 0.003. 0.003
Q.15 D%, 00032
0.124, 0.005, 0.00,
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The software project can be found under “software” directory in the project
repository.

Measurements

COSI Measure was evaluated for backlash, precision, speed and strength. In
order to investigate the precision of the system and the reproducibility of the
position after several iterations, a home-built 1 W 405 nm laser device
attached to the probe holder was used to engrave dots on a piece of paper. The
experiment setup and engraving process was recorded in Supplementary
Video S1. For testing the precision of COSI Measure, the laser device was
first moved along a trajectory with defined coordinate points (41 points along
a straight line 0.5 mm apart) and with a 0.2 s stop at each point to engrave the
paper. The laser device was then moved 10 iterations following the same
pattern with a homing process inserted after the fifth iteration to fully test the
backlash/reproducibility performance of the system. A series of concentric
circles (7 circles with 1 mm radius increments starting from 1 mm, each circle
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has 12 evenly distributed points) were also programmed to further
demonstrate the precision of the system. This experiment was repeated on x-y
plane, x-z plane and y-z plane respectively for a thorough 3D evaluation. A
digital calliper (resolution = 0.01 mm, Orion Tool, IL, USA), a ruler
(resolution = 0.5 mm, Orion Tool, IL, USA) and a camera (EOS60D, Canon,
Tokyo, Japan) were used to measure the distance between the engraved dots.

In order to measure the maximum load of the machine, a force meter
(Samsonite, Luxembourg City, Luxembourg) was attached to the probe holder
and hooked to the frame (Fig. 4a). COSI Measure was then moved vertically
along the z-axis upwards. By reading the force meter at the point when COSI
Measure could no longer move further, we could get its maximum load. A
scale (Model: Pharo, Leifheit AG, Nassau, Lahn, Germany) was put under the
probe holder (Fig. 4b) to test the maximum force. Similarly, we made the
machine move vertically along the z-axis downwards; from the scale we can
get the maximum force information. This parameter was examined in two
scenarios: constrained (COSI Measure was fixed to the ground) and
unconstrained. We also measured the time taken for the system to move along
a single axis over a distance of 500 mm in order to get the speed of the
system. Each measurement (load, force and speed) was repeated for 10 times
to get an average result.

Figure 4

Experiment setup for testing force and load. (a) A force meter was attached to
the probe holder and hooked to the frame to test the maximum load. It shows
21 kg when COSI Measure cannot move further. (b) A scale was put under the
probe holder to test the maximum force. It is 55.1 kg when COSI Measure is
unconstrained (not fixed to the ground).
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To demonstrate high fidelity automatic field mapping in a scientific
application, a Gaussmeter (Model 460, Lake Shore Cryotronics, OH, USA)
probe was positioned in a customized 3D printed probe holder (CAD files

available) to map the magnetic field of a permanent magnet in a Halbach ring
arrangement which will be used in the construction of a prototype magnet for
an open source MRI scanner[19]. The experiment was partly recorded in
Supplementary Video S2. The field mapping results were compared to
magnetostatic field simulations (CST MWS 2015, Darmstadt, Germany)
performed with the same Halbach ring configuration. COSI Measure moves
along a 2D spiral trajectory (inside to outside) defined by an input path
definition file. A slice in space with an area of (60 x 60) mm2 and a spatial
resolution of 2 mm was covered in the mapping. After each coordinate COSI
Measure interacts with the Gaussmeter and records the measured values of the
3-axis Hallprobe (MMZ-2508-UH, Lake Shore Cryotronics, OH, USA).

Stray magnetic field measurements were conducted for an actively shielded
3.0 T (Magnetom Verio, Siemens Medical, Erlangen, Germany) and a
passively shielded 7.0 T (Magnetom, Siemens Medical, Erlangen, Germany)
whole body MR scanner. Supplementary Video S3 depicts sequences of the
measurement of the 3.0 T MR scanner. The magnetic field was measured with
a 3-axis Hallprobe (MMZ-2508-UH, Lake Shore Cryotronics, OH, USA) in
two (50 x 50) cm2 transverse planes at a 90 cm distance to the MRI scanner.
The centre of the planes was aligned with the horizontal centre line of the MR
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scanner bore. With a spatial resolution of 5 mm, 10201 (101 x 101) points
were acquired in total for each plane. The Hallprobe was attached to an
aluminium rod (length = 129 cm for 3.0 T, length = 255 cm for 7.0 T) which
was attached to the probe holder of COSI Measure. A 3 seconds pause was
programmed after each movement to reduce the vibration at the tip of the
extension rod.

At last, the temperature distribution of an RF heating coil was examined. This
shielded eight-rung highpass birdcage coil with an inner diameter of 20 cm
was designed for scrutinizing RF power deposition induced heating[38]. A
phantom (8 x 9 x § cm3) containing 650 ml fumed silica and water mixture (1
g: 5 g) was placed in the centre of the RF coil as an object under (heating)
investigation. A signal generator (Model: SMGL, Rohde & Schwarz, Munich,
Germany) and a power amplifier were used to drive the coil with an average
output power of ~70 W at 297 MHz. A power meter (Model: NRT, Rohde &
Schwarz, Munich, Germany) was inserted between the amplifier and the coil
to monitor the power output. A fibre optic temperature sensor (Model: TC,
Neoptix Inc, Québec City, Québec, Canada) attached to the probe holder of
COSI Measure was used to capture the temperature profiles across the
phantom after reaching the heating equilibrium (about 120 min). A fibre optic
temperature monitor (OmniFlex, Neoptix Inc, Québec City, Québec, Canada)
was connected to the sensor to log temperature data. The same RF power was
applied to the RF coil during the mapping process to maintain the equilibrium.
A (50 x 50) rnm2 horizontal slice aligned with the centre of the RF coil was
selected with a 1 mm spatial resolution. The mechanical subsystem of COSI
Measure, the RF coil and the phantom were fixed inside the 7.0 T MR scanner
room to take advantage of the shielding of the scanner room, so that the
experiment would not generate electromagnetic interferences. Supplementary
Video S4 illustrates the temperature measurement.

Data availability

The data that support the findings of this study are available from
www.opensourceimaging.org.

Results

Figure 5 demonstrates the COSI Measure system measuring a home-built
Halbach magnet. The maximum working volume of COSI Measure is (530 x
530 x 640) mm3 with a maximum moving speed of 37 mm/s. The maximum
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load on the probe holder is 21 kg which makes the machine capable of
supporting heavy scientific instruments and tools. While it is not fixed to the
ground, the maximum force which the machine can apply to an object
vertically downwards is 540.35 N (55.1 kg). This parameter increases to
896.33 N (91.4 kg) when COSI Measure is fixed to the ground.

Figure 5

COSI Measure, a low cost precise open source multipurpose measurement
system. (@) personal computer chassis with electronic components inside (b)
aluminium frame (C) motors (d) probe holder (e) Gaussmeter (f) Halbach ring
magnets as object under investigation (g) cable chain holder (h) limit switch (i)
movable lift table () emergency push button (k) Hall sensor probe ((e), (f) and
(k) are not part of COSI Measure, they are shown here for illustrating the

measurement setup.)

First, the spatial fidelity and reproducibility of COSI Measure was evaluated
by laser engraving a computer defined dot pattern consisting of 41 points
along a straight line 0.5 mm apart. Figure 6 illustrates the results of the
precision and reproducibility measurements for the x-y plane. The upper line
was engraved in one iteration along the y-axis and the lower line was burned
into the paper in ten iterations including a homing process inserted after the
fifth iteration. The average diameter of the points increased from 0.1 mm to
0.25 mm when they were engraved multiple times. The laser device returned
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to exactly the same location at the first point after each iteration. Even with
the homing process inserted, no visible backlash was observed. A maximum
deviation of 0.16 mm on the x-axis (perpendicular to the moving direction
y-axis) was measured. Table 3 contains the detailed measurement results for
the distance between two adjacent points for the experiment on x-y plane. The
7 concentric circles were in full accordance with the programmed trajectory
definition and showed ample precision of the system with 2D movements.
Experiments on x-z and y-z plane exhibited almost identical results. These
results demonstrate the submillimetre precision and underline the
reproducibility and backlash free performance of COSI Measure.

Figure 6

Precision and reproducibility results. (a) a 2 cent Euro coin, diameter 18.75mm
(b) the ruler, resolution=0.5mm (C) 7 concentric circles with 1 mm radius
increments starting from 1 mm, each circle has 12 evenly distributed points (d)
a straight line contains 41 points with 0.5 mm apart, engraved in one iteration
(d) a straight line contains 41 points with 0.5 mm apart, engraved in ten
iterations.

Table 3

Measurement results for the distance between two points on x-y plane (mm).

Mean Minimum Maximum Standard deviation
1 iteration 0.50 0.47 0.52 0.08
10 iterations 0.50 0.48 0.53 0.07

Next we replaced the laser device by an H-field sensor to examine the
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applicability of COSI Measure for the assessment of the magnetic field
distribution of a single ring Halbach magnet with a diameter of 13.85 cm.
These measurements are essential to benchmark the field uniformity against
the field distribution deduced from magnetostatic field simulations which
were undertaken during the design phase of the development process.

Figure 7a shows the measured in-plane magnetic flux density distribution of
the Halbach magnet. For comparison the field dispersion deduced from the
magnetostatic field simulation of the same Halbach magnet design is depicted
in Fig. 7b. Figure 7c,d highlight the comparison between the measurements
and simulation results for the same magnet through the magnet centre along y-
and x-axis respectively. A maximum deviation of 1.9% was observed between
simulated and measured magnetic flux density, which provides major
encouragement for further development, simulation and implementation of
novel Halbach magnet designs.

Figure 7

Magnetic flux density mapping results of a Halbach ring magnet compared with
simulation results. (&) Measurement results of a 60 x 60 mm slice with the
centre of the ring being the isocenter, the spatial mapping resolution was 2 mm.
(b) Simulation results with the same setup. (C) Comparison of the line plots
through the isocenter between the measurement and simulation on the y-axis. A
maximum deviation of 1.9% was observed. (d) Comparison between of the line
plots through the isocenter the measurement and simulation on the x-axis. A
maximum deviation of 1% was observed.
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Next we extended the probe head by an aluminium rod and attached an

H-field sensor horizontally to the tip of the rod. COSI Measure was positioned

at the rear end of the patient table of a 3.0 T MR scanner and at the back side
of a 7.0 T MR scanner to characterize the stray magnetic field strength and
uniformity in an area close but aligned to the magnet bore. We consider this

stray field to be used for MRI at low magnetic field strengths similar to that of

the Halbach magnet. The vector magnitude derived from the stray field
mapping of the 3.0 T and 7.0 T MRI scanners are summarized in Fig. 8c and
d. Positioning COSI Measure at the end of the patient table of the actively
shielded 3.0 T system with a 129 cm rod supporting the H-field sensor did not
affect its functionality and did not evoke too excessive attraction forces due to
the stray field of the MRI system, which is approximately 2.5 mT at this
position. For the passively shielded 7.0 T magnet the inductive limit switches
started to malfunction at a distance of ~3 m away from the magnets rear end
where the stray field was around 45 mT. Notwithstanding this minor
malfunction the stray field could be successfully mapped using a longer
aluminium rod with a length of 255 cm to accommodate and guide the H-field
sensor. The measured fields for both the 3.0 T and the 7.0 T magnet show an
expected maximum By, in the centre of a plane perpendicular to the B,
direction. The smooth transitions in the field plot demonstrate that minor
vibrations of the base system, which might be amplified over the length of the
rod are small enough (<5 mm mapping resolution) to not disturb the measured
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data (Fig. 8c and d). Our measurements underline the excellent field
uniformity of the stray field and make this stray field an ideal candidate for
MRI in a low field environment of a commercial superconducting magnet to
be used as a reference for our results obtained from a home-built low field
permanent Halbach magnet.

Figure 8

Stray field mapping setup and results. (a) Stray field mapping setup in the 3 T
scanner room, a 50 x 50 cm square transverse slice 90 cm outside the bore was
selected. (b) Stray field mapping setup in the 7 T scanner room, a 50 x 50 cm
square transverse slice 90 cm outside the bore (from the back side of the
scanner) was selected. (C) Stray field mapping results (vector magnitude) of the
selected slice for the 3 T scanner (spatial resolution: 5 mm). (d) Stray field
mapping results (vector magnitude) of the selected slice for the 7T scanner
(spatial resolution: 5 mm).
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To take COSI Measure to the next application, a fibre optic temperature sensor

Y icm
o

£

£

was attached to the probe holder to capture the temperature profile across a

phantom placed in the RF coil used for RF induced heating. The temperature
distribution of the heated phantom is illustrated in Fig. 9. This 50 x 50 mm’
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temperature mapping has a spatial resolution of 1 mm. The map was acquired
in ~100 min (2.4 s per point) right after the thermal equilibrium was achieved,
which took 120 min with 70 W signal driving the coil and an initial phantom
temperature of 21.9 °C. At the right side of the phantom, which is closer to the
feeding point of the RF coil, higher temperatures are observed. The result
indicates that COSI Measure is able to move smoothly not disturbing the
temperature distribution in the object under investigation.

Figure 9

2D fibre optic temperature mapping result. Temperature mapping result after
reaching the RF heating equilibrium of the silica/water phantom. A (50 x 50)
mm2 horizontal slice aligned with the centre of the RF coil was selected and

sampled with a 1 mm spatial resolution. Initially the phantom had a temperature
of 21.9 °C.
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Discussion

An automated open source and versatile 3D measurement system (COSI
Measure) was developed and validated. Our main findings are that COSI
Measure supports a submillimetre spatial resolution that can be utilized for a
broad range of measurements in MRI and related fields.

For the system design we ensured that all materials are easily accessible by
the community. For example, the motors, proximity sensors and aluminium
frames are standardized components which are made readily available by
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numerous vendors. We customized COSI Measure in a way that it can be built
and assembled conveniently. For example, instead of soldering a 44-pin CPLD
chip onto the power management board, we chose to use a small and cheap
CPLD development board plugged onto the power management board. Our
goal was to make COSI Measure affordable. For example, we employed
inexpensive yet accurate enough stepper motors and inductive proximity
sensors. It is a strength of COSI Measure that it employs open source
hardware and software whenever possible. The Beagle Bone Black is an open
source design. The operating system (Linux) and the ARM motor control
program are also open source. To ensure reproducibility of COSI Measure and
our proof-of-principle experiments we provide a detailed part list, in-depth
assembly instructions and detailed documentation of our experiments.

COSI Measure consists of 3-orthogonal axes with a working volume of (530
x 530 x 640) mm’. It is open to all dimensions allowing for flexible
measurement positioning. The experimental results demonstrated
submillimetre spatial fidelity and reproducibility of the system and no
significant backlash. COSI Measure is able to carry a load of up to 21 kg,
which supports the attachment of a broad range of probe heads including
temperature, ultrasound, optical, radiation and electromagnetic sensors and
probe holders.

By equipping COSI Measure with a Halbach probe the capability for mapping
magnetic fields was demonstrated using a Halbach magnet as an example. Our
measurements detected an absolute deviation between magnetostatic field
simulations and measurements of only 1.9%. In another example we
illustrated the performance and utility of COSI Measure for mapping the stray
magnetic field of an actively shielded clinical 3.0 T MRI scanner and of a
passively shielded human 7.0 T MRI scanner. The strong magnetic stray field
of the passively shielded 7.0 T set the limit of a distance of 3 m (~45 mT) for
COSI Measure. At this field strength the inductive limit switches started to
work outside of their specification. Changing the limit switches to mechanical
configurations would address this malfunction. However, when positioning
the base of COSI Measure into stronger magnetic fields magnetic forces of the
magnet on the stepper motors become too large. This limitation can be relaxed
by using extensions of the probe head. A rigid extension might magnify the
vibration of the system but will not hamper the fidelity of COSI Measure.
With an extended rigid probe holder in-bore measurements are feasible for

7.0 T, 3.0 T magnets and at lower magnetic field strengths. COSI Measure
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would be even capable to support data sampling in the isocenter of a 9.4 T
human MR scanner as long as a proper probe holder is provided. Arguably,
extended probe heads increase the sensitivity of the measurement system to
vibrations, which need to be accounted for by using decreased speed and/or
longer waiting times for each measurement point. Using a probe holder with a
length of 255 cm allowed successful mapping of the magnetic field in a plane
located at a 90 cm distance from the rear end of a 7.0 T MR magnet. For this
setup no extra infidelity was caused by vibration due to the use ofa 3 s
waiting time per measurement point.

COSI Measure is well suited for conducting RF antenna/coil characterization
experiments by mapping the E-field, the H-field or the temperature as
demonstrated by the temperature mapping results. This is of particular interest
for explorations into thermal MR[35, 36, 37] and MR safety[38, 39, 40, 41,
441 where the measurements of RF induced temperatures might require
submillimetre resolution. COSI Measure enables such measurements which
are essential for designing new RF transmission antennae, for validating
findings obtained from electromagnetic field simulations or for investigations
into RF induced heating of electrically conductive implants. Admittedly,
covering a 50 x 50 mm” area for temperature mapping with a sampling rate of
~2.4 s per point consumed ~100 min in this study. This time can be reduced
significantly for the experimental setup proposed here. Attaching an array of
fibre optic sensors and reducing the sampling time per point would further
accelerate data acquisition while maintaining the superb spatial resolution (1
mm).

The open-source nature, large working volume, robust configuration and high
fidelity of COSI Measure make it not only suitable for advancing MR research
but also for a variety of scenarios where accurate positioning and repeated
movements are necessary. In millimetre-wave communication/radar systems,
where antenna characteristics such as radiation pattern, reflection and
scattering are important, a 3D test setup for characterization is usually
required[55, 56, 57, 58, 59]. With minor modifications (e.g. adding an
absorption cover), which can be conveniently accomplished since all the
technical details of COSI Measure are freely accessible, COSI Measure can be
easily turned into a 3D antenna test bench. Another possible application could
be in durability/fatigue testing which usually involves cyclic movements and
is common in aerospace, automotive, defence, manufacturing and electronic
industries. COSI Measure already provides a robust setup, with extra
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components added (e.g. a load cell); it can also be used as a fatigue testing
system.

Further improvements of COSI Measure include automatic mapping of an
object using distance sensors or a camera together with computer vision
algorithms[60]. This would allow one to easily map the field of complex
geometries such as RF coils, medical implants etc., which otherwise requires
prior planning of the measurement path based on location and geometry of the
object to measure. The moving speed of the machine could also be improved
by further tuning the motor control algorithm. The observed maximum 0.16
mm deviation on the axis perpendicular to the moving direction was induced
by the imperfection of the threaded shafts in the ball screws. This can be
improved by replacing the shafts with more precise ones.

Parallel to the publication of this manuscript soft- and hardware of COSI
Measure will be made available open source on www.opensourceimaging.org.
Open source provides unique opportunities to modify and expand the
capabilities of COSI Measure for a broader range of applications. With a
downward force of >500 N (50 kg) mechanic tools such as a drill, saw or mill
can be mounted to the probe holder. The submillimetre precision of the base
system also affords 3D printing or SMD soldering. These applications are
already supported by the hardware and hence would require only minor
modifications in software along with setting up a dedicated holder tailored for
the particular tool or probe head. In a resource limited research setting, such
an approach allows for an efficient use of laboratory space, financial resources
(both investment and maintenance) and collaborative efforts of the research
community to extend the functionality. To summarize COSI Measure is in full
alignment with the idea of open access for everybody and with the needs of
reproducibility and rigour of research as requested by numerous authorities,
the various funding bodies, the general public and the research communities.

Electronic supplementary material

Supplementary information accompanies this paper at https://doi.org
/10.1038/s41598-017-13824-z.

Publisher's note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Acknowledgements

22 of 29 06.10.2017 14:15



e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

We wish to acknowledge Steffen Tornow and Martin Pflaume for stimulating
discussions on the mechanical setup and Felix Arndt for legal support and
stimulating discussions around open source licensing. We further wish to
acknowledge Yiyi Ji, Henning Matthias Reimann, Joao dos Santos Periquito,
Laura Bohmert, Celal Oezerdem, Min-Chi Ku, Daniel Wenz, Sabrina Klix and
Till Huelnhagen (Berlin Ultrahigh Field Facility (B.U.F.F.), Max Delbriieck
Center for Molecular Medicine, Berlin, Germany) for discussions, advice,
technical and other assistance. This work was supported in part (LW, EO, HW,
TN) by the Federal Ministry for Education and Research (BMBF, KMU
innovativ Medizintechnik, 3-in-1 THERAHEAT, FKZ 13GWO0102A and
13GWO0102B).

Author Contributions

H.H., T.N. and L.W. wrote the manuscript. R.M. prepared Figure 7. H.H.,
T.N., E.O., HW. and L.W. designed the experiments. All authors reviewed the
manuscript.

Competing Interests Thoralf Niendorf is founder and CEO of MRI.TOOLS
GmbH. Helmar Waiczies is employee of MRI.TOOLS GmbH.

Electronic supplementary material

Supplementary Video S1 Supplementary Video S2 Supplementary Video S3

Supplementary Video S4

References

1. Fuchs, V. R. & Sox, H. C. Jr Physicians’ views of the relative
importance of thirty medical innovations. Health Aff (Millwood) 20, 30—42
(2001).

2. Mollura, D. J. & Lungren, M. P. Radiology in Global Health:
Strategies, Implementation and Applications. (Springer, 2014).

3. Ambale-Venkatesh, B. & Lima, J. A. Cardiac MRI: a central prognostic

23 of 29 06.10.2017 14:15



e.Proofing

24 of 29

http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

tool in myocardial fibrosis. Nat Rev Cardiol 12, 18-29, https://doi.org
/10.1038/nrcardio.2014.159 (2015).

4. Lerch, J. P. et al. Studying neuroanatomy using MRI. Nat. Neurosci. 20,

314-326, https://doi.org/10.1038/nn.4501 (2017).

5. Schepkin, V. D. et al. In vivo magnetic resonance imaging of sodium
and diffusion in rat glioma at 21.1 T. Magn Reson Med 67, 1159-1166
(2012).

6. Hemmer, P. Toward molecular-scale MRI. Science 339, 1033-1033
(2013).

7. Brandejsky, V., Boesch, C. & Kreis, R. Proton Diffusion Tensor
Spectroscopy of Metabolites in Human Muscle In Vivo. Magn Reson Med
73, 481-487 (2015).

8. Ludwig, U. et al. Dental MRI using wireless intraoral coils. Sci Rep 6,
23301, https://doi.org/10.1038/srep23301 (2016).

9. Itakura, H. et al. Magnetic resonance image features identify
glioblastoma phenotypic subtypes with distinct molecular pathway
activities. Sci Transl Med 7(303), 303ral38, https://doi.org/10.1126
/scitranslmed.aaa7582 (2015).

10. Yu, X. et al. Sensory and optogenetically driven single-vessel fMRI.
Nat Methods 13, 337-340 (2016).

11. Martel, S. Beyond imaging: Macro- and microscale medical robots
actuated by clinical MRI scanners. Science Robotics 2, https://doi.org
/10.1126/scirobotics.aam8119 (2017).

12. Tonelli, A. R. Estimation of Blood Flow Resistance in the Lung with
MRI. Sci Transl Med 5, 200ec144, https://doi.org/10.1126
/scitranslmed.3007308 (2013).

13. Graessl, A. et al. Sodium MRI of the human heart at 7.0 T: preliminary

results. NMR Biomed 28, 967-975, https://doi.org/10.1002/nbm.3338
(2015).

06.10.2017 14:15



e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

14. Niendorf, T. et al. W(h)ither human cardiac and body magnetic
resonance at ultrahigh fields? technical advances, practical considerations,
applications, and clinical opportunities. NMR Biomed 29, 1173-1197,
https://doi.org/10.1002/nbm.3268 (2016).

15. Waiczies, H. et al. Monitoring dendritic cell migration using 19F/1H
magnetic resonance imaging. J Vis Exp, e50251, https://doi.org/10.3791
/50251 (2013).

16. Niendorf, T. et al. High Field CardiacMagnetic Resonance Imaging: A
Case for Ultrahigh Field Cardiac Magnetic Resonance. Circ Cardiovasc
Imaging 10, https://doi.org/10.1161/CIRCIMAGING.116.005460 (2017).

17. Niendorf, T., Barth, M., Kober, F. & Trattnig, S. From ultrahigh to
extreme field magnetic resonance: where physics, biology and medicine
meet. MAGMA 29, 309-311, https://doi.org/10.1007/s10334-016-0564-1
(2016).

18. Cooley, C. Z. et al. Two-dimensional imaging in a lightweight portable
MRI scanner without gradient coils. Magn Reson Med 73, 872—883,
https://doi.org/10.1002/mrm.25147 (2015).

19. Winter, L., Barghoorn, A., Bliimler, P. & Niendorf, T. COSI Magnet:
Halbach Magnet and Halbach Gradient Designs for Open Source Low Cost
MRI. In Proc Intl Soc Mag Reson Med 3568 (2016).

20. Blumler, P. Proposal for a permanent magnet system with a constant
gradient mechanically adjustable in direction and strength. Concept Magn
Reson B 46, 41-48 (2016).

21. Chronik, B. A., Alejski, A. & Rutt, B. K. Design and fabrication of a
three-axis edge ROU head and neck gradient coil. Magn Reson Med 44,
955-963 (2000).

22. Turner, R. Gradient Coil Design - a Review of Methods. Magn Reson
Imaging 11, 903-920 (1993).

23. Winter, L. et al. Comparison of three multichannel transmit/receive
radiofrequency coil configurations for anatomic and functional cardiac
MRI at 7.0T: implications for clinical imaging. Eur Radiol 22, 2211-2220

25 of 29 06.10.2017 14:15



e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

(2012).

24. Raaijmakers, A. J. E. et al. The fractionated dipole antenna: A new
antenna for body imaging at 7 Tesla. Magn Reson Med 75, 13661374
(2016).

25. Adriany, G. et al. A geometrically adjustable 16-channel
transmit/receive transmission line array for improved RF efficiency and
parallel imaging performance at 7 Tesla. Magn Reson Med 59, 590-597
(2008).

26. Brunner, D. O., De Zanche, N., Frohlich, J., Paska, J. & Pruessmann,
K. P. Travelling-wave nuclear magnetic resonance. Nature 457, 994-U992
(2009).

27. Graessl, A. et al. Modular 32-channel transceiver coil array for cardiac
MRI at 7.0T. Magn Reson Med 72, 276-290, https://doi.org/10.1002
/mrm.24903 (2014).

28. Oezerdem, C. et al. 16-channel bow tie antenna transceiver array for
cardiac MR at 7.0 tesla. Magn Reson Med 75, 2553-2565, https://doi.org
/10.1002/mrm.25840 (2016).

29. Winter, L. & Niendorf, T. Electrodynamics and radiofrequency
antenna concepts for human magnetic resonance at 23.5 T (1 GHz) and
beyond. MAGMA 29, 641-656, https://doi.org/10.1007/s10334-016-0559-y
(2016).

30. Stockmann, J. P. et al. A 32-channel combined RF and BO shim array
for 3T brain imaging. Magn Reson Med 75, 441-451, https://doi.org
/10.1002/mrm.25587 (2016).

31. Kim, D. H., Adalsteinsson, E., Glover, G. H. & Spielman, D. M.
Regularized higher-order in vivo shimming. Magn Reson Med 48, 715-722,
https://doi.org/10.1002/mrm.10267 (2002).

32. Lutti, A. et al. Robust and fast whole brain mapping of the RF transmit
field B1 at 7T. PLoS One 7, 32379, https://doi.org/10.1371
/journal.pone.0032379 (2012).

26 of 29 06.10.2017 14:15



e.Proofing

27 of 29

http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

33. Webb, A. G. & de Moortele, V. P. F. The technological future of 7 T
MRI hardware. NMR Biomed 29, 1305-1315, https://doi.org/10.1002
/nbm.3315 (2016).

34. Balidemaj, E. et al. In vivo electric conductivity of cervical cancer
patients based on B(1)(+) maps at 3T MRI. Phys Med Biol 61, 1596-1607,
https://doi.org/10.1088/0031-9155/61/4/1596 (2016).

35. Winter, L. et al. Thermal magnetic resonance: physics considerations
and electromagnetic field simulations up to 23.5 Tesla (1 GHz). Radiat
Oncol 10, 201, https://doi.org/10.1186/s13014-015-0510-9 (2015).

36. Tarasek, M. R. et al. Validation of MR thermometry: Method for
temperature probe sensor registration accuracy in head and neck phantoms.
Int J Hyperther 30, 142—-149 (2014).

37. Winter, L. et al. Design and Evaluation of a Hybrid Radiofrequency
Applicator for Magnetic Resonance Imaging and RF Induced
Hyperthermia: Electromagnetic Field Simulations up to 14.0 Tesla and
Proof-of-Concept at 7.0 Tesla. Plos One 8(4), 61661, https://doi.org
/10.1371/journal.pone.0061661.

38. Santoro, D. et al. Detailing Radio Frequency Heating Induced by
Coronary Stents: A 7.0 Tesla Magnetic Resonance Study. Plos One 7(11),
€49963, https://doi.org/10.1371/journal.pone.0049963.

39. Winter, L. et al. On the RF Heating of Coronary Stents at 7.0 Tesla
MRI. Magn Reson Med 74, 999-1010 (2015).

40. Neufeld, E., Kuhn, S., Szekely, G. & Kuster, N. Measurement,
simulation and uncertainty assessment of implant heating during MRI.
Phys Med Biol 54, 4151-4169 (2009).

41. Noureddine, Y. et al. In vitro and in silico assessment of RF-induced

heating around intracranial aneurysm clips at 7 Tesla. Magn Reson Med,
https://doi.org/10.1002/mrm.26650 (2017).

42. Eryaman, Y. et al. Radiofrequency heating studies on anesthetized
swine using fractionated dipole antennas at 10.5 T. Magn Reson Med,
https://doi.org/10.1002/mrm.26688 (2017).

06.10.2017 14:15



e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

43. Vavoulas, A. et al. Using a modified 3D-printer for mapping the
magnetic field of RF coils designed for fetal and neonatal imaging. J Magn
Reson 269, 146—-151 (2016).

44. Oberacker, E. et al. Magnetic resonance safety and compatibility of
tantalum markers used in proton beam therapy for intraocular tumors: A
7.0 Tesla study. Magn Reson Med, https://doi.org/10.1002/mrm.26534
(2016).

45. Gebhardt, P. et al. FPGA-based RF interference reduction techniques
for simultaneous PET-MRI. Phys Med Biol 61, 3500—+ (2016).

46. Winter, L. et al. Open Source Imaging Initiative. In Proc Intl Soc Mag
Reson Med 3638 (2016).

47. Arndt, F. et al. Open Source Imaging Initiative (OSI?) — Update and
Roadmap. In Proc Intl Soc Mag Reson Med 193 (2017).

48. Broche L, Pellicer-Guridi R, Winter L The Value of Open Source for
Research, Education andGlobal Health - The Open Source Imaging
Initiative. In Proc ESMRB (2017).

49. Prusa Research s.r.o. PRUSA i3 MK2S, http://www.prusa3d.com
(2017).

50. Aleph Objects Inc. LulzBot TAZ 6, http://www.lulzbot.com (2017).

51. Jones, R. et al. RepRap - the replicating rapid prototyper. Robotica 29,
177-191, https://doi.org/10.1017/S026357471000069% (2011).

52. Negrier, A. Arduino Controlled CNC / 3D Printer Hybrid,
http://www.instructables.com/id/Arduino-Controlled-CNC-3D-Printer/
(2014).

53. The BeagleBoard.org Foundation. BeagleBone Black,
https://beagleboard.org/black (2016).

54. Riverbank Computing Limited. What is PyQt,
https://riverbankcomputing.com/software/pyqt/intro (2016).

28 of 29 06.10.2017 14:15



e.Proofing

http://eproofing.springer.com/journals_v2/printpage.php?token=UyQ...

55. Nashashibi, A. Y., Sarabandi, K., Al-Zaid, F. A. & Alhumaidi, S.
Characterization of Radar Backscatter Response of Sand-Covered Surfaces
at Millimeter-Wave Frequencies. IEEE Trans Geosci Remote Sens 50,
2345-2354 (2012).

56. Ranvier, S. et al. Compact 3-D on-Wafer Radiation Pattern
Measurement System for 60 Ghz Antennas. Microw. Opt. Technol. Lett. 51,
319-324 (2009).

57. Fu, Y. Development of a test bench for characterization of integrated
antennas at millimeter-wave frequencies, Université de Grenoble, (2012).

58. Titz, D. et al. Design and measurement of a dipole-antenna on a
130nm CMOS substrate for 60GHz communications. in 2010 Conference
Proceedings ICECom 1-4.

59. Titz, D. et al. Measurement setup and associated calibration
methodology for 3D radiation pattern of probe-fed millimeter-wave
antennas. In 2011 Conference Proceedings LAPC 1-5.

60. Szeliski, R. Computer Vision: Algorithms and Applications. (Springer,
2011).

29 of 29

06.10.2017 14:15



