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The radio frequency (RF) electromagnetic field of magnetic resonance (MR) scanners can result
in significant tissue heating due to the RF coupling with the conducting parts of medical implants.
The objective of this article is to evaluate the advantages and shortcomings of a new four-tier
approach based on a combined numerical and experimental procedure, designed to demonstrate
safety of implants during MR scans. To the authors’ best knowledge, this is the first study analyzing this technique. The evaluation is performed for 1.5 T MR scanners using a generic model of a
deep brain stimulator (DBS) with a straight lead and a helical lead. The results show that the
approach is technically feasible and provides sound and conservative information about the potential heating of implants. We demonstrate that (1) applying optimized tools results in reasonable
uncertainties for the overall evaluation; (2) each tier reduces the overestimation by several dB at
the cost of more demanding evaluation steps; (3) the implant with the straight lead would cause
local temperature increases larger than 18 8C at the RF exposure limit for the normal operating
mode; (4) Tier 3 is not sufficient for the helical implant; and (5) Tier 4 might be too demanding
to be performed for complex implants. We conclude with a suggestion for a procedure that follows the same concept but is between Tier 3 and 4. In addition, the evaluation of Tier 3 has
shown consistency with current scan practice, namely, the resulting heat at the lead tip is less
than 3.5 8C for the straight lead and 0.7 8C for the helix lead for scans at the current applied MR
scan restrictions for deep brain stimulation at a head average SAR of 0.1 W/kg. Bioelectromagnetics ß 2012 Wiley Periodicals, Inc.
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INTRODUCTION
The importance of magnetic resonance (MR)
diagnostics is continuously growing because of improved soft tissue contrast, the absence of ionizing
radiation compared to conventional computer tomography, and novel, high-resolution techniques. However, patients with electrically conductive implants
are generally excluded from MR diagnostics due to
the interference with radio frequency (RF) fields,
which can cause imaging artifacts, spurious tissue
heating, and electromagnetic compatibility and interference issues (EMC/EMI). The fundamental mechanism is straightforward: the RF field (B1-field)
generated by a transmitting coil induces electric
fields in the human body that couple with the conductive implant. Apparently, the problem has a large
parameter space since the coupling strongly depends
on the frequency, particular geometry of the birdcage
ß 2012 Wiley Periodicals,Inc.

resonator, individual anatomy of the patient, their
posture and position in the birdcage, implant location, lead trajectory, design of the implant, etc. A
summary of the most relevant aspects of the MR
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safety of implants can be found in Martin et al.
[2004] and Nyenhuis et al. [2005].
Active implants with electrically long and insulated leads, such as pacemakers or deep brain stimulators (DBS), are of particular concern because they
pick up electromagnetic (EM) energy along their
entire length and deposit it at their distal electrodes
in the form of a displacement current, which gives
rise to a highly localized increase in the electric field
strength and thus the specific absorption rate (SAR)
in the patient’s tissue. Several theoretical [Nitz et al.,
2001; Yeung et al., 2002a,b; Park et al., 2007] and
experimental studies [Rezai et al., 2002; Luechinger
et al., 2005; Triventi et al., 2007; Mattei et al., 2008;
Nordbeck et al., 2009] substantiate the large parameter range of the problem and indicate that the temperature increase in the tissue can easily reach several
tens of 8C. In consequence, patients with DBS are
excluded from benefiting from MR diagnostics unless
special recommendations by the implant manufacturers are followed [Rezai et al., 2005].
MR-safe implants are technically feasible and
most manufacturers are striving for their development. In order to reliably assess the realistic worstcase temperature increase of such implants during
MR examinations, regulators and implant manufacturers need the appropriate methodology, instrumentation and procedures. The American Society for
Testing and Materials (ASTM) [2002] defined a test
method to assess the RF-induced heating risk for passive implants. The method is based on a phantom
filled with saline solution, the shape and dimensions
of which sketch the torso and head of a patient.
Several recent studies, however, question the applicability of this approach to reliably determine the
worst-case heating for real patients [Baker et al.,
2004; Woods, 2007; Angelone et al., 2010].
These issues have been recognized by a joint
working group of the International Organization for
Standardization (ISO) and the International Electrotechnical Commission (IEC), which is developing a
technical specification (TS) for the demonstration of
the MR safety of active implanted medical devices
(AIMDs) for patients undergoing MR diagnostics at
1.5 T (TS 10974) [ISO, 2012]. This technical specification addresses several hazards of AIMDs in 1.5 T
MR scanners, such as malfunction and performance,
degradation, signal rectification, vibration, and the
risk of RF-induced tissue heating. For evaluation of
the latter, a four-tier approach has been developed.
The safety of implants with a low heating risk can be
evaluated with moderate experimental effort by exposing the AIMD to a well-characterized incident
field. The actual in vivo exposure of the AIMD is
Bioelectromagnetics

then assessed numerically with increasing simulation
effort for the different tiers. The lower tiers yield a
large level of overestimation of the temperature
increase and therefore a high safety margin. The
higher tiers reduce the overestimation but require
the accurate quantification of the incident fields or
the modeling of the implant placed in a sufficiently
large set of anatomical body models exposed to the
RF fields of MR scanners.
The approach proposed in the ISO TS 10974
[ISO, 2012] has not yet been applied to any implants.
The main objective of this study is to evaluate the
applicability, advantages and shortcomings of the
four-tier approach as proposed in this technical specification. The main contributions include: the development of a generic device under test (DUT) that is
sufficiently simple but still representative, that is, a
DBS of typical dimensions equipped with a helical
and straight insulated lead; validation of the testing
equipment for the experimental evaluation of the EM
energy deposited at the tip of the implant lead; development of a numerical model of the generic DBS
and experimental validation of the numerical model
of the generic DBS; estimation of the temperature
increase at the lead tip; evaluation of the overestimation for the temperature increase applying different
incident conditions as a function of the four tiers;
statistical analysis of the in vivo exposure as needed
for the evaluation of the ISO technical specification;
comparison of the performance of the helical and
generic lead with respect to tissue heating; and a
discussion about the advantages and shortcomings of
the proposed approach.
OVERVIEW OF THE TECHNICAL SPECIFICATION
General Concepts
The assessment of the heating risk of the generic DBS is evaluated following the procedures defined
in the ISO TS 10974 [ISO, 2012].1 This technical
specification overcomes the shortcomings of previous
approaches that suffered from poor correlations
between the phantom measurements and the actual
exposures in patients. It defines a combined experimental and numerical approach for evaluation of the
worst-case temperature rise for the exposure to RF
fields at a frequency of 64 MHz, which is used in
1.5 T MR systems. The worst-case heating is evaluated in three steps. First, the incident RF fields inside
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the patient that induce currents on the implant are
quantified. Then, the worst-case RF energy deposition and its distribution in the tissue next to the
AIMD is determined. And last, the worst-case in
vivo heating in the patient due to the absorbed RF
energy is assessed.
The large scope of parameters and complex
incident field conditions can lead to a significant
effort in determining the incident field conditions, the
SAR, and temperature at the implant tip. Hence, a
four-tier approach was introduced to reduce the
required resources for small to medium implants.
Lower tiers require less effort to demonstrate the
safety of the implant but result in a higher overestimation of the power deposition or the temperature at
the electrodes. The 4th tier results in a good estimate
of the exposure with minimal overestimation. The
procedures are organized in a flowchart manner; that
is, if the DUT fails to demonstrate safety with the
criteria exposed in one of the tiers, the testing team
must pass to the following tier. A flowchart of the
four tiers is included in the Online Supplementary
Material.
The four tiers are:
Tier 1Tier 1 defines the experimental evaluation of
the implant under well-defined incident field conditions. These results are scaled to an incident
E-field amplitude, which is provided in a table for
different exposed body regions and modes of operation of the MR scanner as specified by IEC
Standard 60601-2-33 [IEC, 2008]. For the evaluation of an implant placed in the head of the patient,
an incident tangential E-field amplitude of 420 V/m
is defined for the normal mode and first level controlled mode. This is the maximum value that has
been observed in the heads of different anatomical
models in different positions in the birdcage coil
when normalized to the applicable SAR limit.
Details on this evaluation can be found in the
technical specification document. Phase gradients
of the incident field may lead to an additional
increase in the energy deposition. These are not
considered in the experimental evaluation and have
to be applied as a separate scaling factor.
Tier 2Tier 2 reduces the evaluation of the incident
E-field from the entire head to a volume encompassing all possible implant locations, considering
the entire patient population and all relevant exposure positions. This requires the numerical evaluation of the incident fields using a relevant number
of anatomical models. The incident E-field in the
respective volume is averaged over a cubical shape
of 10 g of tissue mass, and the maximum value of
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the averaged E-field distribution is applied. The
definition of the averaging algorithm can be found
in IEEE Std C95.3 [IEEE, 2002]. The phase
enhancement factor also has to be applied.
Tier 3Tier 3 evaluates the actual incident field of the
wire, that is, the tangential E-field (amplitude and
phase) along a set of trajectories. The trajectories
are confined to the volume encompassing all possible trajectories considering the entire patient population and all relevant exposure positions. The
relevant quantities are the maximum fields and the
phase gradient averaged over a section of a trajectory of 20 mm length. Statistical methods have to
be used to evaluate amplitude and phase of the
incident field. The number of trajectories has to
be sufficiently large to show convergence of the
results. Alternatively, these field and phase conditions can be applied to a carefully validated numerical model of the implant.
Tier 4Tier 4 requires the development and validation
of an EM model of the implant. This model is then
integrated into a set of anatomical patient models
along different trajectories that represent the entire
patient population with respect to heating. The
energy deposition is evaluated for all relevant
postures, positions, and exposure conditions in the
birdcage coil.

MATERIALS AND METHODS
Device Under Test: Generic Deep Brain Stimulator
For this study, a generic model of a DBS has
been developed (Fig. 1). It consists of a stainless
steel stimulator can (25 mm  3 mm  40 mm) and
a dielectric header (er ¼ 3) sized 25 mm  3 mm 
10 mm. The stimulator can be equipped with (a) an
insulated helical copper lead with a pitch of
0.33 mm, a radius of 0.5 mm, and a wire diameter of
0.13 mm, or (b) an insulated straight copper lead of
0.5 mm radius. The leads pass through the header,
and their inner conductors are directly connected
to the can supposing perfect grounding of the RF
currents on the lead. The topology of the leads is
constant along their entire lengths. The distal ends
of the leads are terminated with a bare cylindrical
copper tip with a radius of 0.5 mm and a length of
10 mm. The implant is assumed to reproduce the RF
characteristics of a generic AIMD with a conducting
stimulator can, a dielectric header, and a lead toward
the distal electrodes. For experimental validation, the
implant has been built with four different lead
lengths: 50, 100, 150, and 200 mm.
Bioelectromagnetics
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opening at the top of the phantom (200 mm 
90 mm) to scan the SAR distribution. Deviations in
amplitude of the tangential E-field along the mounting track are smaller than 15%, and phase deviations
are smaller than 58.
The induced SAR is evaluated using the Dosimetric Assessment System DASY52NEO (Schmid &
Partner Engineering (SPEAG), Zurich, Switzerland)
equipped with H-field (H3D7V) and SAR (EX3DV6)
probes.

Fig. 1. a: Generic DBS model consisting of a stainless steel can,
dielectric header and generic insulated helicoidal lead. b: Dimensions of the helical lead and tip. c: Dimensions of the straight lead
and tip.

Anatomical Models and Landmark Positions
The patient population was represented by
Duke, Ella, and Billie of the Virtual Family [Christ
et al., 2010], as well as a recently developed model,
Fats (body height 1.78 m, weight 120 kg). The
landmark positions z ¼ 500 mm, z ¼ 375 mm,
z ¼ 250 m, z ¼ 125 mm, z ¼ 0 mm, and z ¼
125 mm were evaluated, where z ¼ 0 is when the
center of the heart of the models is located at the isocenter of the coil (Fig. S4, Online Supplementary
Material).
Measurement and Exposure Systems
The implant is exposed to RF using the Medical
Implant Test System (MITS) 1.5 that was developed
by the IT’IS Foundation (Zurich, Switzerland). This
reproduces the RF field of a large volume coil of
commercial MR scanners. It consists of a 16-rung
birdcage resonator tuned to 64 MHz with linear and
quadrature modes of operation. For exposure of the
generic implant to a well-defined incident E-field, a
special phantom has been developed. The MITS1.5
measurement system and the phantom are shown in
Figure S1a (Online Supplementary Material).
The phantom and the corresponding mounting
track for the leads have been optimized to provide (1) exposure to a constant tangential E-field
amplitude and phase along a large trajectory of the
implant lead, (2) appropriate means for the accurate
positioning of the lead, and (3) a sufficiently large
Bioelectromagnetics

Simulation Method
The simulations were performed with SEMCAD
X V14, a simulation platform jointly developed by
the IT’IS Foundation, ETHZ and SPEAG, which is
based on the finite-difference time-domain method
[Taflove and Hagness, 2000].
A model representing the 16-rung birdcage coil
of the MITS1.5 system (Zurich MedTech (ZMT),
Zurich, Switzerland) employed in the measurements
has been used for the simulations. The birdcage model is excited by 16 harmonic current sources placed
in the center of a rung of the coil. Capacitors modeled using lumped elements (63.3 pF) are placed in
the end rings between the rungs. The wires and the
birdcage coil have been treated as perfect electrical
conductors. The numerical model of the birdcage
coil has been extensively validated against its
physical model in experiments by comparing the
E- and H-fields with and without the phantom, as
well as the SAR inside the phantom (see validation
section in the Online Supplementary Material). The
CAD model of the ELIT1.5 phantom is shown in
Figure S1b (Online Supplementary Material).
The incident fields to the implant were computed by loading the birdcage coil with either the
ELIT1.5 phantom (for in vitro simulations) or with a
human model (for in vivo simulations). The fields
were recorded to be used as a source for the implant
simulations.
For the implant simulations, the implant was
properly positioned in a human model or in the
ELIT1.5 phantom. Due to the combination of large
objects (birdcage) and small objects (implant) the computational dimensions of the simulations are large.
However, since the back scattering from the implant
to the source (birdcage) can be neglected [Neufeld
et al., 2009], a sufficiently high-resolution model of
the implant (0.05  0.05  0.05 mm3 voxel size for
the helical lead, and 0.1  0.1  0.1 mm3 voxel size
for the straight lead) was achieved utilizing the
general Huygens approach [Umashankar and Taflove,
1982]. All metallic parts of the implant model
are assumed as perfect electrical conductors, and
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dielectric losses in the header and the insulation of
the leads are neglected. In addition, the resonance
length and enhancement due to phase gradients were
determined in a series of simulations.
For the simulations with the implant positioned
inside the human model head, the required computational resources were 360  106 mesh cells for the
implant with the helical lead and 140  106 mesh
cells for the implant with the wire. The simulations
were run on a on a C40-3 GPU accelerated Cluster
(SPEAG) providing a simulation speed of 2 G cells
per second. The required time for a single simulation
with a full wave model of the implant is approximately 43 h for the helical lead and 15 h for the
straight lead. Carrying out the 12000 simulations that
are estimated to be necessary for a complete Tier 4
analysis would lead to a computation time of several
decades.
Validation
Prior to the performance of the study, the measurement setup and the DUT were validated in a
mixed procedure involving measurements and simulations. This validation can be found in the Online
Supplementary Material.
CHARACTERIZATION OF THE DUT
Determination of the In Vivo SAR Transfer
Function to Temperature
In order to correlate the localized power (SAR)
deposition to a potential hazard, that is, local temperature rise, the SAR transfer function to DT must be
determined. Since the tip is electrically small, the
field distribution in its close environment is governed
by Poisson’s equation. Only its amplitude, not its
shape, changes as a function of the energy that is
picked up by the actual lead. Under this assumption,
the power deposition can be quantified as the peak
spatial average SAR (psSAR) as defined by IEEE Std
C95.3 over a volume of a small tissue mass. Numerical studies [Kyriakou et al., 2012] have indicated that
a small mass yields a good correlation with the temperature rise for situations with highly localized
SAR, as in this case, such that the definition of a
transfer function or coefficient is possible, which
scales the psSAR10mg to the temperature increase in
the tissue induced by the lead. For highly localized
SAR the heating is mainly determined by the local
SAR intensity, the extent of the SAR hot spot, and
the thermal conductivity. Therefore, when increasing
the averaging volume beyond the extent of the
localized SAR, the averaged SAR is increasingly
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dominated by the background SAR, leading to a
deterioration in the correlation between SAR and
temperature increase.
For the simulations with the implant positioned
in the human head model, the most prominent tissues
in the vicinity of the tip and brain regions are
the thalamus, gray and white matter, midbrain and
cerebrospinal fluid (CSF).
In order to determine the sensitivity of the
maximum temperature increase to the uncertainties
of the tissue parameters and the cooling due to the
temperature conduction of the lead, the following
two scenarios were evaluated using the steady-state
thermal solver of SEMCAD X and the head model
Duke. First, steady-state simulations without thermal
conductivity of the lead were performed. A first
simulation was run without taking into account the
cooling due to the thermal conductivity of the metallic conductor of the lead. The metallic parts were
assigned the properties of the insulation, and the
metallic tip was set to the properties of the surrounding tissue (thalamus). An additional simulation was
run with the tip parameters set to CSF as unperfused
tissue in order to assess the effect of perfusion on the
temperature increase. A second set of simulations
was performed with the metallic parts of the lead set
to copper. The thermal parameters of the metallic
parts of the lead were set to those of copper in order
to assess the impact of the conduction cooling by the
metallic wire.
The heating produced by the wire itself due to
current conduction is not considered because the
main contribution to heating is produced by the displacement currents at the tip. The results of the
simulations are summarized in Table 1. In the right
column of Table 1 the results are normalized to the
SAR limit in the head for the normal mode and
first level controlled mode (SAR ¼ 3.2 W/kg; IEC
60601-2-33) [IEC, 2008]. Taking into account the
thermal properties of copper in the simulation
TABLE 1. Maximum Temperature Increase in the Implant
Tip Region Normalized to the Incident B1-Field (B1-Field at
the Isocenter of the Unloaded Birdcage Coil) and to the SAR
Limit in the Head for Different Representations of the
Thermally Conductive Parts of the Lead

Thermal lead model

DT (mK/mT2)

DT at normal
and first level
controlled mode
limits (8C)

Lead tip as thalamus
Lead tip as CSF
Copper tip and wire

17.5
18
16

0.82
0.84
0.74
Bioelectromagnetics

6

Cabot et al.
TABLE 2. Simulated Absorption (psSAR Averaged Over a
Mass of 10 mg) at the Tip of the Implant Lead for the
Different Lead Lengths
psSAR10mg (mW/kg/(V/m)2)
Length (mm)
30 mm (resonance of helical lead)
50 mm
100 mm
150 mm
200 mm

Helix

Straight

270
200
93
22
20

—
630
1360
2230
2490

Results are given for the implant with helical leads and for
implants with straight wire leads, which have been simulated for
comparison.

Fig. 2. Temperature distribution in the in vivo simulation domain
surrounding the lead tip.

reduces the temperature increase by 12% due to the
heat dissipation of the thermally conductive lead.
The effect of using an unperfused tissue (CSF) for
the tip is negligible. Figure 2 shows the temperature
distribution around the tip position for the simulation with the tip modeled as thalamic tissue. The
numerical uncertainty of the thermal simulations has
been assessed as 0.95 dB (Supplementary Table 13).
The conservative transfer function coefficient is
3.6 mK/W/kg. The psSAR averaged over a mass
of 10 mg used for this transfer function is
4.95 W/kg/mT2 (Table 3).
Energy Deposition for the Helical and
Straight Lead
The psSAR10mg is determined numerically
using the experimentally validated model of the implant for the four lead lengths of the helical lead and
straight lead (Table 2). For the helical lead, the
psSAR10mg is given at the resonance length of
30 mm, which was determined in a series of simulations of different lead lengths. It should be noted that
the psSAR10mg at the actual length of the lead
implanted in the head (200 mm) is more than 11 dB
lower than at the resonance length. For the actual
implant lead length of 200 mm, a psSAR10mg of
20 mW/kg/(V/m)2 is determined. The resonance
length of the straight lead was estimated as 450 mm
using the approach described by King et al. [1974].
Since this is significantly longer than the maximum
length of 200 mm considered here, the psSAR of the
straight lead is not evaluated for resonance conditions. It should be noted that the psSAR10mg at the
Bioelectromagnetics

tip of the straight leads is considerably larger than
the psSAR of the helical leads.
Phase Enhancement Factor
For leads that are longer than the resonance
length, the energy deposition at the lead tip has to be
normalized for a given incident electrical field, which
is assumed to be uniform over the entire implant
size. Additionally, the enhancement of the energy
deposition due to the phase gradient of the incident
tangential E-field has to be applied. The worst-case
gradient depends on the electrical characteristics of
the lead. The enhancement has to be determined for
helical leads by full wave simulations, whereas the
ISO TS 10974 [ISO, 2012] provides a table with
scaling factors for straight leads. For straight leads
below resonance length, this scaling factor is 1.
For the helical lead of the implant, the enhancement was determined for a length of 200 mm.
Figure 3 shows that a maximum is reached at a phase
gradient (j) of 23 rad/m. Under these conditions,
the psSAR10mg at the lead tip reaches a value of
0.48 W/kg/(V/m)2, which is 2.5 dB above the value
at resonance length and approximately 14 dB above
the psSAR10mg at constant phase for the same lead
length of 200 mm (see psSAR10mg for j ¼ 0 in
Fig. 3).

TABLE 3. Absorption in the Head of the Male Adult Model
and psSAR10mg at the Tip of the Implant Lead
Lead type
Helical
Helical
Straight

Head tissue

psSAR10mg
(W/kg/mT2)

Head SAR
(W/kg/mT2)

Anatomical
Homogeneous
Anatomical

4.95
6.6
104

0.068
0.104
0.068
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confidence interval of 95% (k ¼ 2) has been assessed
as 2.9 dB (Supplementary Table 11).

Fig. 3. PsSAR10mg for the implant with 200 mm helical lead for
different phase gradients (j) of the incident tangential E-field.

EVALUATION OF THE DUT ACCORDING TO THE
FOUR TIERS
Tier 1 Evaluation
The psSAR10mg for the relevant lead length of
200 mm normalized to 1 V/m is 2490 mW/kg/(V/m)2
for the straight wire lead and 20 mW/kg/(V/m)2 for
the helical lead. The maximum induced incident field
strength averaged over any 10 g of tissue, psE10g, is
420 V/m [ISO, 2012]. Applying the transfer function
coefficient of 3.6 mK/W/kg results in the values for
the psSAR10mg and DT as given in Table 4.
The uncertainty budget is evaluated in Appendix A, Supplementary Tables 6–15 (Online Supplementary Material). For the Tier 1 analysis, it
considers the uncertainty of the measurement system
(Supplementary Table 9) and the numerical uncertainty of the implant model in the phantom (Supplementary Table 10). The expanded uncertainty for the
energy deposition in terms of the psSAR10mg over a

Tier 2 Evaluation
In the case of our generic DBS, the positioning
of the stimulator and the lead trajectory in the
patient’s head is limited to a small range. For the
four anatomical models, the range of volumes evaluated here, including their variations, are shown in
Figure 4. Hence, the peak spatial average E-fields
(psE10g) can be evaluated for these subregions for
the four anatomical models at all the relevant landmarks (Fig. S4, Online Supplementary Material). The
maximum psE10g resulting from all these cases
is 23 V/m/mT (Fig. 5) or 161 V/m for a B1-field
of 7 mT, which is given by the ISO TS 10974 as
maximum exposure for normal and first level mode
conditions. The corresponding psSAR10mg and DT
are provided in Table 4 and compared to Tier 1.
Tier 3 Evaluation
The amplitude and the phase gradient of the incident E-field are evaluated for a set of 250 possible
lead trajectories for each of the four anatomical
models at all landmarks (Fig. S4, Online Supplementary Material). The trajectories are generated by
defining a reference spline through the center of the
volumes defined for Tier 2, shown in Figure 4 (the
disk for can positioning is excluded). At distances of
10 mm along the reference spline, normal disks are
constructed. On the intersection of the volumes
shown in Figure 4 with these disks, random points
are selected, which are then used to construct the
splines. Splines with bending radii <40 mm are discarded (with the exception of the bending at the entry
point in the skull). Both the E-field amplitude and
phase gradient are averaged along lead sections
of 20 mm. Up to ten lead sections are evaluated
considering the actual length of the trajectories in the
volumes indicated in Figure 4.

TABLE 4. Summary of the Four-Tier Evaluation Providing psSAR10mg and DT Values Including the Expanded Uncertainty
(k ¼ 2)

Tier 1
Tier 2
Tier 3
Tier 4a

DT (8C)

psSAR10mg (kW/kg)

Ratio Tieri1/Tieri (dB)

Incident field
(V/m)

Helix

Straight

Helix

Straight

Helix

Straight

420
161
112
—

84
12
6
0.23

440
65
31
5

300
44
21
0.8

1600
220
113
18

—
8
3
14

—
8
3
8

a

Note that the Tier 4 evaluation was only conducted for a single case and therefore the evaluation is not valid for the entire
population.
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Fig. 4. Volume representing anatomically relevant implant locations for the extraction of psE10g
forTier 2 in the models (from left to right) Billie,Duke,Ella, and Fats.Foreach model, the relevant volume includes a disk in the can region covering the plausible zones where the can could be located,
a tubular volume covering the possible positions of the leads, and a sphere representing the variation in position of the tip.

Figure S7 (Online Supplementary Material)
shows the distribution of the tangential E-field amplitudes along the lead length for the model Fats. The
horizontal axis starts at the stimulator can and ends
at the tip. The average and 95th percentile indicate
the statistical distribution. Maximum values of
approximately 16 V/m/mT (95th percentile) occur at
the patient landmark positions z ¼ 250 mm and
z ¼ 375 mm. The field strength remains above
12 V/m/mT over approximately half of the trajectory
length (up to segment index 4). The E-field amplitudes drop significantly for segments 7 and higher,
when the lead trajectory traverses the skull and
enters the brain. The E-field amplitudes for the
other models at the landmark position z ¼ 375 mm
are shown in Figure S8 (Online Supplementary

Fig. 5. psE10g in the representative volumes for the four different
models in the positions shown in Figure S4 (Supplementary Online Material).
Bioelectromagnetics

Material). In all cases, the amplitudes along the skull
range from approximately 12 V/m/mT to 16 V/m/mT
(95th percentile). For the other positions along the
z-axis, the field amplitudes drop in all four anatomical models. The average phase gradients are shown
in Figure S9 (Online Supplementary Material) for
all models at the landmark position z ¼ 375 mm.
Although the average phase gradient is lower than
the worst-case value of j ¼ 23 rad/m in many cases,
phase gradients of 15 rad/m and above can easily be
observed over longer distances, and in this range
the enhancement of the energy deposition already
reaches significant values (Fig. 3). In the brain, the
phase gradients can reach values of 200 rad/m and
above. For these values no enhancement of the energy deposition can be expected. Moreover, the field
amplitudes in this range are very low. The maximum
tangential E-field amplitude observed over a significant section of the trajectory is 16 V/m/mT (95th
percentile). Phase gradients on the order of magnitude of 23 rad/m can be observed in the region of
high exposure.
Applying a B1-field of 7 mT and a psSAR10mg
of 0.48 W/kg/(V/m)2 for the helical lead yields a
psSAR10mg of 6 kW/kg, which corresponds to a
temperature increase of 21 8C. For the straight lead,
the psSAR10mg scales to 31 W/kg, leading to a
temperature increase of 113 8C. With respect to the
Tier 2 evaluation, the overestimation is reduced by
3 dB.
Tier 4: Dosimetric Evaluation in the Anatomical
Head Model
For the evaluation according to Tier 4, a
validated implant model has to be integrated into a
representative set of anatomical patient models considering a statistically relevant set of lead trajectories.
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Each of these models and lead trajectories has to be
simulated in all relevant positions in the birdcage
coil. The computational effort for this is significant.
Considering the four head models, 250 random trajectories, six positions and two implant types, 12000
simulations would be necessary for a complete Tier 4
analysis. Since it was not possible to carry out this
large number of simulations within the framework of
this study, the Tier 4 analysis will be demonstrated
with the help of a single case.
The validated DBS is positioned in the head
model of Duke following a realistic routing path.
The stimulator can is placed in a typical position
above the skull and behind the right ear of the model.
The lead is tunneled subcutaneously toward the top
of the head where it traverses the skull and penetrates
the cortex. The tip of the lead ends in the thalamic
region. Figure 6 shows the position of the implant
and the trajectory of the lead in the anatomical model
in detail. The dielectric parameters of the tissues are
chosen according to Gabriel et al. [1996]. Additionally, homogeneous tissue distribution (er ¼ 78 and
s ¼ 0.47 S/m) is used for comparison. The exposure
of the implant in the head is simulated in a two-step
process using the Huygens box approach.
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The psSAR10mg for the implant with helical
and straight leads in the anatomical and homogeneous head (er ¼ 78 and s ¼ 0.47 S/m) are given in
Table 4, together with the SAR averaged over the
entire head. The psSAR10mg at the tip of the helical
implant is 1 dB lower for the anatomical head compared to the homogeneous one. When the helical part
of the lead is substituted by a straight wire with a
radius r ¼ 0.5 mm and positioned along the same
trajectory in the anatomical head, the psSAR10mg
increases by 13 dB, which is approximately 7 dB
below the increase observed for the psSAR assessed
in the phantom.
The head SAR of 0.068 W/kg/mT2 (Table 4)
permits the exposure of the patient to a B1-field of
6.9 mT to reach the limit of 3.2 W/kg. Normalizing
the psSAR10mg of 4.95 W/kg/mT2 to this incident
magnetic field yields a psSAR10mg of 0.23 kW/kg,
which corresponds to a temperature increase of
0.8 8C and yields a reduction of 14 dB with respect
to Tier 3. For the straight lead, a psSAR10mg
4.95 kW/kg is obtained, causing a temperature
increase of 18 8C; the reduction with respect to Tier
3 is 8 dB. A summary of the results of the evaluation
according to the four different tiers (incident E-field,
worst-case energy deposition and reduction of the
overestimation with respect to the previous tier) can
be found in Table 4.
The numerical uncertainty for the Tier 4 evaluation was estimated to be 1.1 dB (Supplementary
Table 12 and Appendix A). The overall expanded
uncertainty including the experimental and numerical
evaluation is 4.2 dB for a coverage factor (k) of 2
(Supplementary Table 14). It should be noted that
this does not cover the variability of the exposure
due to changes in patient anatomy, exposure position
and lead trajectory.
DISCUSSION AND CONCLUSIONS

Fig. 6. Positioning of the DBS including a high-resolution model
of its helical lead in the human head model (insulation of the lead
not shown).

The results show that the approach proposed in
the ISO TS 10974 [ISO, 2012] is technically feasible
and provides sound and conservative information
about the potential heating. The main results are that
(1) applying optimized tools results in reasonable
uncertainties for the overall evaluation; (2) each Tier
reduces the heating overestimation by several dB at
the cost of more demanding evaluation steps; (3) the
implant with the straight lead would cause temperature increases larger than 18 8C at the RF exposure
limit for the normal operating mode; (4) Tier 3 is not
sufficient for the helical lead; and (5) Tier 4 might
be too demanding to be performed for complex
implants. We conclude that there is a need to develop
Bioelectromagnetics
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procedures that follow the same concept but are
between Tier 3 and 4. A feasible approach could
consist of comparing the exposure of the implant in
an in vitro configuration to the in vivo tangential
E-field along a statistically relevant set of trajectories
obtained in Tier 3. In addition, the evaluation of Tier
3 has shown that both lead types would result in a
heating of the lead tip of less than 3.5 8C (straight)
and 0.7 8C (helix) for scans at the current applied
MR scan restrictions for deep brain stimulation at a
head average SAR of 0.1 W/kg.
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