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Setup of deliverable
This report corresponds to deliverable D3.7 included in WP3 (task 3.4) of DeNeCor project.
The objective of this deliverable is to develop a technique that can characterize potential
dangerous interaction between AIMDs and strong radiofrequency field employed in MRI. The
result of this work has been submitted to the Annual Conference of the International Society of
Magnetic Resonance in Medicine held in Singapore, May 2016. Here it won the first prize in the
category of MR Engineering. A manuscript has subsequently been written and is submitted to the
journal Magnetic Resonance in Medicine and is currently under review. This manuscript outlines
in great detail the design and use of the RF safety monitor. This deliverable is largely based on
this manuscript. The structure of the deliverable is as follows. First a project context, objective
and summary is given. Subsequently, the research is laid out in more detail following the format
of a scientific paper. Figures and references are included at the end of the deliverable.
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Definitions acronyms and abbreviations
Table 1. List of acronyms and abbreviations.
Abbreviation / acronym

Description

MRI
RF
AIMD
EM
T
SAR

Magnetic Resonance Imaging
Radiofrequency Fields
Active Implantable Medical Device
Electromagnetic
Tesla
Specific Absorption Rate
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Context and Summary
Project Context
The prevalence of active implanted medical devices (AIMD) such as pacemakers or
neurostimulators is forecasted to rise to 12% in the 65+ population in EU and USA.
Unfortunately, patients with AIMDs are usually contraindicated for MRI scans. For this reason,
AIMD manufacturers are presenting MRI-conditionally safe products that allow MRI
investigations on patients with these implants. Here the most pressing safety concern is the
interaction of the radiofrequency (RF) field of the MRI scanner with the AIMD, which may
cause severe tissue heating. This interaction needs to be characterized to assess the often very
strict scanning restrictions for these products.
This RF safety assessment is performed according to a prescribed format as presented in
technical specification ISO/TS 10974. It currently is a cumbersome and time consuming process
with numerous simulations and bench measurements. However, an MR scanner is, next to a
serious safety threat for patients with an AIMD, also an excellent measurement device to assess
RF safety of the medical implant. Tissue heating close to the implants is caused because the
wires of the AIMD act as an absorbing antenna that can focus the RF field typically at the tip of
the implants. These RF interactions also result in local enhancement of the signal intensity and
image artefacts. This work is exploiting these deviations in the image to develop a faster, MR
based method to assess the RF safety of AIMDs.
For RF safety assessment, an
important feature of an implant is
its ‘transfer function’. The transfer
function is an implant specific
function that relates an incident
tangential electric field distribution
along the trajectory of an implant
to the resultant scattered electric
field around the tip of the implant,
which drives local heating (figure
1). It is widely used to assess MRI
safety of elongated metallic
Figure 1: The transfer function. The E-field enhancement at the tip
implants and required for tier 1, 2
has a spatial pattern Etip(r). The amplitude of this pattern is
calculated from the integral along the lead of the E-field tangential to and 3 in technical specification
ISO/TS 10974
the lead Etan(q), multiplied by the transfer function S(q). Right:
Example of a transfer function for an insulated wire of 60 cm.

Present day experimental methods
to validate numerically computed transfer functions rely on a cumbersome bench-measurement
technique. Within the workpackage 3 of the DENECOR project we have developed an
alternative method to measure the transfer function of an implant. We use MRI measurements
and some post-processing methods to map the current distribution along the implant. From this
current distribution the transfer function can be determined with high spatial resolution. These
MRI-based methods overcome some of the experimental challenges conventional transfer
function determination techniques face. Moreover, they can be used to explore more realistic
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exposure scenarios and have the potential to assess the transfer function in animal tissues,
corpses or other heterogeneous media
Objectives of Deliverable D3.7
 Development of an RF Safety Monitoring technique which can detect and
quantify potential RF heating before image acquisition scanning
 Evaluation, selection and implementation of research algorithms on near-implant
scanning
 Develop simplified analytical and numerical models for the relevant
electromagnetic fields in the MRI scanners.
Summary of final result
To demonstrate the validity of this new method developed within DENECOR, the procedure has
been used to measure the transfer function of bare and insulated straight copper wires of 10, 20
and 30 cm length. These structures are commonly used as surrogates for leads of AIMDs and
their transfer functions are known from literature. Subsequently, for each measurement, one of
the wires is soldered to the inner conductor of a partially stripped coax cable. This cable is
attached to an ODU-connector with appropriate circuitry for coil identification. The wire is
placed in an oval shaped phantom filled with saline water (figure 2a). As such, this assembly can
be used as a transceive antenna on a 1.5 T MR Scanner (Achieva, Philips Healthcare, Best, The
Netherlands). With this setup, MR images are acquired (figure 2b+c) that can be used to
reconstruct the current distribution along the wire. This current distribution reflects the transfer
function. All measured transfer functions are compared to their simulated counterpart (figure
2d+e) .

Figure 2: MRI-based measurement of the transfer function. (a) Measurement setup. Insulated wires of 10, 20
and 30 cm length are soldered to a coax cable that can be plugged into the MRI scanner. The wire is positioned
in the center of an ASTM phantom. (b) and (c): Phase and magnitude images acquired form the scanner reveal
the transfer function through the Biot-Savart law. (d) Plot showing the magnitude of the measured transfer
functions in comparison to the simulated (ground truth). (e) Plot showing the phase of the measured transfer
functions in comparison to the simulated (ground truth).

The presented experimental method measures transfer functions of elongated implants accurately
(∆Etip≤11-19%), relatively quickly (<20 minutes) and with a high spatial resolution (1-3mm)
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using MRI acquisitions. This method can greatly expedite the experimental studies for RF safety
assessment of implantable medical devices.
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Introduction
The patient population with active implantable medical devices (AIMDs), like pacemakers and
deep brain stimulators (DBS) is rapidly growing(1,2). This patient group more often needs to
undergo magnetic resonance imaging (MRI) examinations. For example, the fraction patients
with a pacemaker or defibrillator that would benefit from an MRI scan during the lifetime of
their device is estimated to be three out of four(3). Hence, assessment of MRI-safety of implants
is necessary and of growing importance.
Elongated AIMDs often contain metallic structures that potentially interact with the magnetic
fields used in MRI and with their associated electric fields(4). Forces and torques acting on
elongated implants, like pacemakers and DBSs, related to the main magnetic field are minor
safety issues due to the relatively small content of magnetic materials in these types of implants.
The same applies to vibrations induced by switching gradients.
For elongated AIMDs the electric field component of the rapidly time-varying radiofrequency
(RF) fields provokes the gravest safety risk. This electric field can drive currents in conducting
structures during MRI examinations. These currents subsequently result in charge accumulation
that can become particularly large when currents encounter impedance transitions, e.g. at the
endings of elongated conducting structures. The accumulated charges cause local and sharply
peaked electric fields and, consequently, high energy absorption, i.e. high local SAR levels, in
proximate tissue. This energy absorption may lead to dangerous tissue temperatures at the tips of
elongated structures, e.g. the electrode of an implanted pacemaker or DBS lead(5,6). Logically,
much effort has been put into the manipulation of the electric fields to reduce heating(7–10).
Nonetheless, scanning patients with elongated AIMDs is currently contraindicated by most MRI
and implant manufacturers or only conditional safety is guaranteed by imposing severe
restrictions on certain scan parameters.
MRI safety (or conditional MRI safety) of an implantable medical device is established by
extensive computational investigations alongside experimental studies. RF safety assessment by
means of brute force numerical simulations of a patient with an AIMD in the MRI is problematic
due to the large dimensional difference between the relatively small (often sub-millimeter)
geometrical resolution necessary to accurately model the implant and the size of the human body
or the entire MRI environment. Hence, four complementary alternative approaches have been
formalized as a four tier approach in technical specification ISO TS 10974(11). Each higher tier
results in additional computational and/or experimental effort but a reduction in the
overestimation of the temperature rise around the implant. A full computational approach is the
fourth tier of this technical specification This method leads to minimal overestimation of the tip
heating, but the concomitant computational efforts are elaborate, extensive and often unfeasible.
In contrast to the fourth tier approach, the lower tiers require the use of the transfer function of
the implant(12) by exploiting localized nature of tip heating. The transfer function is an implant
characteristic that relates an incident tangential electric field distribution along the trajectory of
an implant to the resultant scattered electric field at the tip of the implant, which drives local
heating. It is widely used to assess MRI safety of elongated metallic implants(11).
10

Present day experimental methods to validate numerically computed transfer functions rely on a
cumbersome technique using a specially designed bench setup that is only applicable in liquid
filled phantom studies. A localized electric field is sequentially applied along the implant and
from subsequent measurements of the resultant electric field at the lead tip the transfer function
is determined. One challenge this technique encounters is the accurate placement of electric field
probes and, even more experimentally challenging, the application of a narrow tangential
excitation electric field that defines the geometrical resolution of the transfer function
measurement. In theory an infinitesimal electric excitation field would be required for a correct
observation of the TF. Typical setups use a small loop or capacitor, but stray fields are inevitably
present leading to a convolution of the excitation field with the transfer function in the
measurement result. A second challenge is the application of an excitation field at or nearby the
tip of an implant while monitoring its response at the same location. This often results in a
measured transfer function with undetermined behavior close to the tip.
It has recently been shown(3), by using the theorem of reciprocity in conjunction with the
Huygens Principle(13), that a reciprocal approach can also be employed to determine the transfer
behavior of an implant. When a voltage or current source at the tip of an implant is applied, the
consequential tangential electric field profile along its trajectory, or equivalently the resultant
current distribution through the implant, is the transfer function after normalization.
Based on this observation and the possibility to determine currents with MRI measurements(14–
16) we present an alternative method to measure the transfer function of an implant. We have
demonstrated the validity of this method for bare and insulated copper wires of 10, 20 and 30 cm
length. These structures are commonly used in literature(3,12,17) and test standards(18) as
surrogates for realistic implants. We use two (complementary) alternative post-processing
methods to map currents from MRI data that are both able to determine transfer functions with
high spatial resolution. These MRI-based methods overcome some of the experimental
challenges conventional transfer function determination techniques face and, most prominently,
can be used to explore more realistic exposure scenarios. It has the potential to be used in animal
tissues, human cadavers or other heterogeneous media where conventional methods are
inapplicable.

Methods
Firstly, we will repeat the theoretical principles underpinning the transfer function and introduce
how this implant characteristic can be determined with MRI acquisitions. Secondly, we will
introduce two methods to determine TFs in EM simulations. The first method is analogous to the
conventional experimental method and uses the application of a sequentially repositioned
localized tangential field along an implant to determine its TF. The second method relies on a
localized excitation at the tip of an implant to determine its TF and confirms the validity of this
reciprocal approach. Lastly, we will explain how the reciprocal approach is applied
experimentally and how the acquisition of the MRI data from which TFs are determined is
performed.
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Theory
The scattered electric field
at a point in the proximity of a tip of an implant as a function of
the unit tangential incident field
along an implant of length , whose trajectory is
parametrized by can be described(12) by
(1)

.

In this equation
is the transfer function. It is a complex weighting function that determines
how the tangential incident electric field at position contributes to the field at the tip. A
graphical display of the concept of the transfer function is shown in figure 1. In this description
the dimensionless spatial pattern of the field distribution around the tip,
, is assumed to be
geometrically independent of the incident field.
The transfer function describes how secondary electric field contributions around the tip of an
implant arising from electric fields tangentially incident along the implant superimpose in a
complex fashion. The phase of the TF is a measure of the retardation a current experiences
propagating from a position to the tip and its magnitude is a measure of the attenuation during
this propagation. Relying on the principle of reciprocity the inverse process is described likewise
by the transfer function(3): i.e. the electric field and hence current distribution in an implant
excited by an infinitesimal source at the tip is also described by the transfer function.
This reciprocal approach will be utilized alongside with the possibility to image currents with
MRI techniques(14–16,19) to determine the transfer function of an implant in a single
measurement. The current carrying implant, excited at the tip by a coax cable, is used as a
transceive antenna during the MRI experiment. The current distribution, which reflects the
transfer function of the implant, produces a magnetic field according to Ampère’s circuital law:
∙

∙

.

(2)

In this equation, describes a closed contour around which the magnetic field is proportional
to the electrical and displacement currents through its enclosed surface . The last
approximation, where
is the current the wire carries in the enclosed surface, especially holds
close to the current carrying wire, because the contribution of the displacement current will be
negligible. In this quasistatic approximation for wires parallel to the main magnetic field we
simply find the Biot-Savart law
2

:

,

(3)

where is the azimuthal unit vector in the cylindrical coordinate system with its z-axis parallel
to the static magnetic field.
If this magnetic field is used as the transmit field, in an MRI acquisition, the transverse
magnetization generating a spoiled gradient echo MR signal is proportional to the current in the
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implant assuming a low flip angle approximation. Subsequently, if the implant is likewise used
as a receive antenna the final detected MR signal
is squarely dependent on the enclosed
current(20): i.e.,
r ~

~

~

(4)

.

Note that
and
are complex quantities. Hence the current distribution in the implant
can be deduced from the acquired MR signal.
MR‐based transfer function determination
We will use two post-processing methods on the MRI data to determine the induced currents in
and subsequently the transfer functions of elongated implants. The first method relies on a least
squares approximation of the signal by using the law of Biot-Savart. The second method uses
loop integration around the implant to determine enclosed currents based on Ampère’s circuital
law (a specific version of the Biot-Savart law).
The first method relies on the fact that the RF magnetic fields ( ) are directly proportional to
the current running through the implant according to the Biot-Savart law in the quasi-static
approximation for the fields in the direct vicinity of the implant,

4

| |

| |

4

.

(5)

The last approximation is a simple transformation of the integral into a Riemann sum by
discretization of the current trajectory into small line segments,
. These segments are
assumed to be small enough to carry an constant current . In this equation, , is the spatial
coordinate describing the magnetic field pattern which is discretized by the positions of the
voxels comprised in the MRI data.
The x- and y-component of the magnetic field in the scanner coordinate system (a coordinate
system with z-axis parallel to B0), that are proportional to the current in the wire, determine both
the transmit and receive fields. The square of the current in each line segment can be determined
from the MRI signal with the following linear least squares minimization assuming the low flip
angle approximation is valid:
arg

(6)

min
∈

where,
∗

,
and,

,

(6a)
(6b)

⋮ .
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and
are the transmit and receive fields per unit current respectively, i.e. the
fields per unit current in each line segment, that are the counterclockwise and clockwise
circularly polarized components of the magnetic field in equation 5 respectively. Their product
is a matrix describing the contribution of each current segment on an elongated implant to the
signal in each voxel which from now will be called the Biot-Savart matrix (BSM). Its ith row
describes how the ith current segment gives a weighted contribution to the signal in every voxel.
Likewise, its jth column describes how all current segments give a weighted contribution to the
signal in the jth voxel
The resultant
is a vector containing the element-wise square of the current in each segment
that describes the discretized current distribution throughout the wire. The current distribution is
determined by the transfer behavior of the implant and hence
is a vector which gives a
discretized non-normalized version of the transfer function of the implant. This method to
determine transfer functions will be called BSM-method throughout this text.
Method two relies on Ampère's circuital law and simply sums the square root of the MR signal
over a closed loop around the implant to obtain a measure of the enclosed current. For each zslice a square loop integral at five voxels distance from the implant position is calculated to give
a qualitative measure of the square of
, which in turn reflects the transfer function. For
this method, which from now on will be called loop integral (LI) method, the current was
assumed to be perfectly aligned with the main magnetic field.
Simulations
When comparing electromagnetic finite difference time domain simulations (Sim4Life, ZMT,
Zurich, Switzerland) with experimental results generic implants were embedded in a PMMA
elliptical phantom(18) model with a size of 600x400 mm, 200 mm radius, 90 mm liquid depth as
shown in figure 2A. The dielectric properties of the phantom filling liquid corresponded to those
of the saline doped with copper sulfate that was used in experiments. As implants three insulated
(0.45 mm PVC) and three bare copper wires with a 2.5 mm diameter of 10, 20 and 30 cm length
were used that were available for experiments. For the insulated wires 1 cm of insulation was
removed to reproduce implants used in previous studies (3,12) and allow for comparison with
their presented results.
When comparing the two different simulation techniques to determine the transfer functions, the
implants were embedded in a background with the experimentally determined dielectric
properties of the phantom filling liquid, using a dielectric assessment kit (DAK-12, SPEAG,
Zurich, Switzerland) and a network analyzer (R&S ZNC3). The implants were gridded with a
0.15 mm isotropic resolution in the plane perpendicular to the major axis of the implant and a 0.5
mm resolution along the length of the implant. The harmonic simulations had a simulation time
of 5 periods, absorbing boundary conditions and were terminated when a -50 dB convergence
level was reached.
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The piecewise excitation method
To achieve a localized tangential electric field incident on the generic implants two counter
propagating thin plane wave box sources of 10 cm x 10 cm x 0.5 cm with opposing magnetic and
aligned electric fields are used as shown in figure 3. Note that the width of the boxes determines
both the geometrical resolution of the numerically computed transfer function and the number of
simulations required to compute it. This setup of plane wave sources ensures the implant is
exposed to a nearly purely tangential electric field excitation. The magnitude of the electric field
component parallel to the implant, which is 1.3V/m, exceeds the perpendicular components by at
least four orders of magnitude. The magnetic field is zero up to numerical accuracy at the
location of the implant due to the destructive interference of the magnetic components of the
plane waves. The position of the plane wave boxes is varied along the length of the implant and
the resulting electric field at the tip is monitored to determine the transfer function. This
approach will be called the piecewise excitation method (PWE) throughout this paper and
resembles the current day experimental practice.
The effect of simulation grid resolution on simulation outcome has been checked for all PWE
simulations. The simulation grid resolution plays a more important role for the insulated wires
because the thickness and shape of the insulation and hence the loading of the implant changes
with varying grid settings. Iterative transfer function simulations with increasing resolution
showed convergence at 0.15 mm resolution perpendicular to the major axis of the implant.
Therefore, this resolution was used throughout all simulations.
The coax excitation method
As was stated earlier the transfer function of an implant can also be determined with a reciprocal
approach by exciting the implant at the tip and monitoring the resultant tangential electric fields
or equivalently the current distribution throughout the structure. Both in experiments and in
simulations the excitation at the tip of the implant was created by geometrically connecting it
with the inner conductor of a coaxial cable with 0.5 cm of the outer conductor removed. The
coaxial cable was simulated as a set of perfectly conducting concentric cylinders with a voltage
source (of 1V) positioned 15 cm away from the implant connecting the inner to the outer
conductor.
The inner conductor has a 0.25 mm radius. The dielectric interior of the coax cable with a 0.25
mm inner and a 1.75 mm outer radius was chosen to be PTFE, a nonconductive dielectric with
relative electrical permittivity =3. The outer perfectly conducting shell had a thickness of 0.25
mm and the coax was insulated with a 3 mm thick polyethylene layer. A cross section of the
model of the coax cable can be seen in figure 2A.

Experiments
The MR-based TF determination method was employed to measure the TF of six generic
structures described before. The TFs of these wires are known from literature(3,12,17) and the
10cm wire is similar to a test implant described in safety standards(11,18). Therefore the TFs of
these implants facilitate the validation of the proposed experimental method.
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For each measurement, one of the six wires is soldered to the inner conductor of a partially
stripped coax cable. This cable is attached to an ODU-connector with appropriate circuitry for
coil identification. As such, this assembly can be used as a transceive antenna on a 1.5 T MR
Scanner (Achieva, Philips Healthcare, Best, The Netherlands). The implants were positioned in
an elliptical phantom (shown in figure 2B) filled with saline with conductivity = 0.47 S/m and
with relative electrical permittivity = 78. Copper(II) sulfate was added to the saline (5mM) to
reduce T1 therewith enhancing the SNR for the used MRI sequence.
For each implant 3D spoiled gradient echo MR images, with 1 mm isotropic resolution and 2°
nominal flip angle to ensure the validity of the low flip angle approximation, were acquired. An
example of a single slice is shown in figure 4 in the results section. The number of sample
averages (NSA) was increased until sufficient SNR was reached upon visual inspection. The
phase of the transceive field, was determined with two dual echo gradient sequences with
opposite readout polarities to correct for eddy current contributions(21). In order to maximize the
SNR the echo times were kept as short as possible. The phase induced by main magnetic field
inhomogeneities was corrected using the dual echo acquisition resulting in phase data that only
included RF transmit and receive contributions(21).
The 3D implant could easily be discerned in the acquired images (figure 4) and its spatial
trajectory was determined with a MATLAB routine (The Mathworks, Natick, Massachusetts,
USA). Along this trajectory the current distribution was determined with the two methods
described in the previous section. The fact that the signal is proportional to the transceive field in
the low flip angle regime, which in turn is squarely proportional to the current, is exploited by
both methods.
In the BSM- method the exact wire positions where no signal originates from (due to the absence
of phantom material) were masked from the MRI data. The wire was discretized in 3mm line
segments whereas the imaging resolution was 1mm isotropic. Smaller line segments led to a
worse conditioning of the BSM and larger segments led to a decrease in the resolution of the
determined TF.
In principle, each current segment will contribute to the signal in all K voxels in the imaging
domain, but contributions to the more distant voxels are extremely small. If all contributions are
taken into account the resultant maximally dense BSM has a high condition number because the
contributions from current segments to voxels far away from these segments are dominated by
noise. Therefore, to increase numerical stability, the calculation algorithm assumes that each
current segment will only contribute to voxels in a sphere of influence of 3 cm around the
corresponding line segment, effectively regularizing the BSM. In general, smaller cutoff radii led
to a better conditioning of the BSM but meanwhile reduced the amount of information in the
MRI data used for the reconstruction of the current distribution. With the regularized BSM a
least-squares minimization was applied to determine the current distribution along the implant
from the acquired MRI data which is the non-normalized transfer function.
In the LI-method a small part of the MRI data is used in the determination of the transfer
function. Only the voxels in the square loop 5 mm away from the wire are taken into account and
their sum is proportional to the square of the enclosed current. This method uses less MRI data
than the BSM-method and is in principle more sensitive to the noise. This can be mitigated by
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computing and averaging several loops (provided that the noise in the data has zero mean which
is true for the Gaussian distributed noise in the real and imaginary channel). Also for larger radii
Maxwell’s addition to Ampère's circuital law in Eq. (2) might become significant. The computed
loop integral might no longer be purely determined by the enclosed current in the wire but
instead may have a significant contribution from displacement currents. Therefore caution has to
be taken when averaging loop integrals. Nonetheless, the LI-method relies on a forward
calculation whereas in the BSM-method an inverse problem is solved. For this reason the LImethod faces less numerical difficulties and accompanying instabilities.

Results
In this section we will first show simulation results verifying the validity of the proposed
experimental method. Simulated transfer functions are presented using the two simulation
techniques, described in the methods section. These results are compared to transfer functions
from literature(12) to confirm the validity of both techniques. Secondly, MRI-based
experimentally determined transfer functions using the two described post-processing techniques
will be presented and compared with the simulation results.
Simulations
To compare the coax excitation method with the conventional PWE technique the transfer
functions of bare and insulated copper wires were determined with both approaches in EM
simulations as described in the methods section. The results of these simulations together with
TFs known from literature are shown in figure 5.
The TFs of insulated and bare wires of various lengths that were determined with the PWE
method are shown as dotted lines in figure 5. The transfer functions that were determined with
the coax excitation method are depicted as solid lines. The agreement between results from both
simulation methods is clear for the bare wires (fig. 5A) as well as for the insulated wires (fig.5B).
A small deviation between the results close to the tip of the implant is visible but still the
magnitude of the complex Pearson correlation coefficient R between both simulation techniques
is bigger than 0.98 for all implants. The simulation results likewise show excellent agreement to
the transfer functions found in other studies(3,12) represented as black lines in figure 5 (Only
TFs of the implants of 20 cm were available from literature). The affirmed agreement provides
additional evidence of the suitability of the coax excitation method to determine the transfer
function. The PWE method is in simulations as well as in experiments more cumbersome and
time consuming. Hence the ascertained validity of the alternative reciprocal approach (shown
before in (3)) can greatly benefit implant safety studies.
MRI‐based TF measurements
The transfer functions of bare and insulated wires were experimentally determined from 3D
1mm isotropic MRI data in the low flip angle regime. A single slice of MRI data acquired with
the 20 cm insulated wire as transceive antenna is shown in figure 4.
The transfer function determined from this MRI data with BSM method are shown in figure 6
together with transfer functions determined in simulations. The bright blue, green and orange
lines in this figure show the transfer functions determined from the MRI acquisitions of the wires
of 30cm, 20cm and 10cm length respectively. Both the phase and magnitude are in close
17

agreement with simulations (dark blue green and orange lines in figure 6). This agreement shows
TFs can be measured accurately (R≥0.72) with the proposed MRI-based experimental method.
The maximal difference in the electric field around the tip between simulations and
measurements for an incident electric field distribution with a worst case phase distribution, i.e.
the area under the curve of the magnitude of the transfer function, is below 11% for all implants.
The transfer functions determined from the MRI data with the LI (Loop Integral)-method are
shown in figure 7. The bright lines in this figure again show the transfer functions determined
from the MRI acquisitions. Likewise a good agreement with simulations is found for this method
(R≥0.70) with the proposed MRI-based experimental method. The maximal difference in the
electric field around the tip between simulations and measurements for a worst case phase
incident electric field distribution is below 19% for all implants.
With increasing attenuation of the currents running through the implants the SNR decreases and
thus TF determination for bare wires is more challenging than for insulated wires. For all 3D
dual GE acquisitions the number of sample averages (NSA) was increased to 32 to obtain
sufficient SNR, even with the bare wires as antenna. Increasing the NSA obviously made MRI
acquisitions more time consuming. Likewise, longer implants require an increase in scan time
due to a larger field of view. Conclusively, TF determination of the 30 cm wires was most time
consuming. The durations of the MRI acquisitions and other relevant scan parameters are
summarized in table 1. The longest acquisition took 19:16 minutes.

Discussion
This work has shown an alternative MR-based experimental method to accurately determine
implant specific transfer functions in quick measurements. Dedicated bench setups with
successive applications of localized electric fields, with the accompanying experimental
challenges are no longer necessary. This alternative approach merely requires the implant to be
used as a transceive antenna and allows for determination of its transfer function from the
therewith acquired MRI data. The method was shown to accurately measure transfer functions of
bare and insulated copper wires up to 30 cm length in less than 20 minutes.
The presented method can be made faster by improving the antenna characteristics of the
implant. The implant was used as a transceive antenna without performing any impedance
matching and consequently showed high reflections. Improving the matching of the antenna will
make larger flip angles accessible (keeping the validity of the low flip angle approximation in
deliberation) and thereby increase SNR. This will make an MRI acquisition possible with less
NSAs and thus reduce its duration. The flip angle was kept low as a precaution to avoid any
issues with high reflected powers reaching the RF amplifier system. These reflections can be
mitigated with a matching network. The effect of a matching network on the transfer function
has to be investigated before this improvement can be made and caution is necessary.
The poor matching of the transceive antennas is actually considered to be beneficial for
the accurate determination of the transfer functions, because this ensures that only a small
fraction of the current induced in the implant can run back into the coax cable. If the matching is
better the implant and coax cable can no longer be seen as two approximately separate system,
which would lead to a misrepresentation of the transfer function. So if matching is used to speed
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up the measurements, corrections for the alterations of the transfer function need to be
developed. This beyond the scope of this paper and therefore we kept using poorly matched
antennas (60-80% reflected power).
Another, more easily implementable, way to increase the SNR and hence speed up the
acquisition is to employ the implant as transmit antenna but receive with another local element.
This requires the receive field to be either known or homogeneous across the acquisition domain.
This improvement was not realized because the scanner software only allowed local receive
antennas in combination with body coil transmit to be used but not a local transmit element in
combination with a separate receive array. Both suggested improvements can drastically speed
up experimental determination of TFs.
When MRI measurement of the TF is applied to realistic implants, susceptibility artifacts may
arise. Fortunately, unlike MR thermometry this method is fully compatible with spin echo
sequences and other methods to address these artifacts. However, an exploration on such
methods is beyond the scope of this work.
Another potential challenge may be the measurement of the TF for more elongated implants.
This requires increasing the field of view of the MRI scanner beyond the range of acceptable
homogeneity and reliable gradient performance. The TFs of longer structures can still be
determined by combining data from various scanning positions or by bending the structure to
entirely fit in a reliable field of view. Bending of the implant away from the z-direction reduces
the contribution of the induced current to the transceive field which reduces the sensitivity of the
procedure for the non-axially aligned parts. Only the z-component of the current will contribute
to the MR signal which results in a measurement of a projection of the transfer function on the zaxis. Despite these practical challenges the described method can be used to determine the TF of
a structure of any length.
The LI-method does not face the mathematical problems associated with solving the illconditioned linear least squares minimization in the BSM-method. It however uses less of the
acquired MRI data to determine TFs. Only the voxels that contribute to the loop integral 5 voxels
away from the wire are taken into account and for this reason this method is more sensitive to
noise. From simulations the contribution of displacement currents is determined to stay below
10% for a loop less than 5 mm away from the wire. The size of this contribution is dependent on
the frequency of the RF fields and the permittivity of the phantom material. The reduction in the
number of voxels used for the computation of the transfer function is also the underlying reason
it performs less adequate for the bare wires where the SNR is lower compared to the insulated
wires. Realistic implants are more alike the insulated wires so the simpler LI-method might be
most applicable for these situations. It even outperforms the BSM-method for some wires, but
overall the performance of the LI and the BSM method is comparable.
One could argue that a measurement of the current in the implant excited with a coax cable by
using MRI is an overcomplicated way to determine TFs. A transducer allows for more
straightforward current measurements and determination of TFs and does not require the use of
an MRI scanner. From a certain perspective this claim is correct but using a transducer still does
not evade the necessity for successive measurements that requires exact positioning and
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measuring localized currents. Furthermore, it is only possible to subsequently reposition a
transducer in liquid phantoms.
Using an MRI scanner makes it possible to determine the TFs in gels, heterogeneous media and
even animal or human tissues allowing various more realistic loading conditions to be
investigated. As long as the material in which the implant is used as a transceive antenna
produces sufficient MRI signal the transfer function can be determined. For heterogeneous media
changes in proton density might affect the determined transceive sensitivity and subsequently
influence the determination of induced currents. Therefore, B1+ mapping techniques and a
correspondingly altered version of the BSM-method could be used for determining transfer
functions in heterogeneous media. In this way the proposed method is a step towards pre-MRIexamination or on site safety assessment for patients with an AIMD.
If the method described in this paper can be extended to determine transfer functions of
implanted medical devices embedded in patients a low power pre-scan can be designed for
patient specific safety assessment. This would facilitate relaxation of the safety limits for
implants with an MRI conditional label and enable cautious safety assessment for implants
without MRI label. On site safety assessment is a step toward making MRI more widely
available for the growing group of patients with an AIMD.

Conclusion
We have presented an experimental method to determine transfer functions of elongated implants
accurately using MR imaging techniques. The remaining differences between experiments and
simulations result in a maximum deviation of ∆Etip≤11% and ∆Etip≤19% for the BSM and LI
method respectively, as determined from the area under the curve of the magnitude of the
transfer function. The proposed method is relatively quick (<20 minutes) and has a high spatial
resolution (3 mm and 1 mm). This method can greatly expedite the experimental studies for RF
safety assessment of implantable medical devices. Both simulation and experimental results
show that the conventional methods to measure transfer function by sequentially applying a
localized electric field while monitoring the field around the tip of the elongated implant can be
replaced by applying a field at the tip and monitoring the response throughout the implant. The
proposed MR-based method allows for transfer function determination of implants embedded in
realistic surrounding media such as test animals or corpses.
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Scan-parameters
Implant

Field of view (AP, Scan
durationa TE1/TE2/TR[ms]
(3D dual GE) [s]
FH ,RL) [mm]

Imaging matrix
(MxP)

10cm bare

(30,160,40)

792

1.9/3.5/7.4

240x240

20cm bare

(30,250,64)

1118

1.9/3.7/6.8

256x256

30cm bare

(25,320,80)

1156

2.0/4.1/6.6

352x352

10cm insulated

(43,150,40)

706

1.9/3.6/4.2

176x176

20cm insulated

(36,250,64)

988

1.9/3.7/10

288x288

30cm insulated

(25,320,64)

1018

2.2/3.9/5.0

352x352

Table 1. Measurement durations and required field of views for the MRI acquisitions that
were performed for the determination the transfer function of various implants. (a) This is
the scan duration of two dual gradient echo 3D MRI acquisition performed with opposite
gradient polarity.
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Figure 1. A graphical display of the concept of the transfer function. A tangentially incident
electric field Etan contributes to a scattered electric field that is particularly focused at the tip of
elongated structures. This process is described by an implant specific characteristic called the
transfer function

Figure 2. The simulation (A) and experimental (B) setup used to determine TFs. A generic implant excited
with a coax cable is placed in an elliptical ASTM phantom and used as a transceive antenna in an MRI
experiment.
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Figure 3. The Piece Wise Excitation (PWE) method in the simulation domain. Two narrow
electromagnetic plane wave sources with opposing magnetic fields and aligned electric fields are
used to create a localized tangential electric field excitation.

Figure 4. A slice of 3D spoiled dual gradient echo data (first echo TE=2.0ms) that is used
to determine the transfer function. The magnitude image (A) acquired with a 20cm
insulated wire as transceive antenna and the corresponding phase image (B).
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Figure 5. Comparison between simulated transfer functions determined with the Piece Wise Excitation
(PWE) method, the coax excitation method and literature (8). The normalized magnitude (1) and phase
(2) of the transfer functions of bare (A) and insulated wires (B) show excellent agreement between
both simulation techniques and literature.
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Figure 6. Transfer Function (TF) determined using the Biot-Savart Matrix (BSM) method showing the
magnitude (1) and phase (2) of the normalized transfer function of bare wires (A) and insulated wires (B).
The experimentally determined TFs (bright blue, green and orange) are in good agreement with the TFs
from simulations (dark blue, green and orange) with a coax excitation that correspond to the solid lines in
figure 5. The phase profiles are depicted with an offset from each other for clarity.
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Figure 7. Transfer Function (TF) determined using the Loop Integral (LI) method showing the
magnitude (1) and phase (2) of the normalized transfer function of bare wires (A) and insulated
wires (B). The experimentally determined TF (bright blue, green and orange) are in good
agreement with the TFs from simulations (dark blue, green and orange) with a coax excitation that
correspond to the solid lines in figure 5. The phase profiles are depicted with an offset from each
other for clarity.
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Scan-parameters
Implant

durationa TE1/TE2/TR[ms]

Field of view (AP, Scan
FH ,RL) [mm]

(3D dual GE) [s]

10cm bare

(30,160,40)

792

1.9/3.5/7.4

20cm bare

(30,250,64)

1118

1.9/3.7/6.8

30cm bare

(25,320,80)

1156

2.0/4.1/6.6

10cm insulated

(43,150,40)

706

1.9/3.6/4.2

20cm insulated

(36,250,64)

988

1.9/3.7/10

30cm insulated

(25,320,64)

1018

2.2/3.9/5.0

Table 1. Measurement durations and required field of views for the MRI acquisitions that were
performed for the determination the transfer function of various implants. (a) This is the scan
duration of two dual gradient echo 3D MRI acquisition performed with opposite gradient polarity.
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