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Abstract
Purpose—To study the effect of the extra-cranial portion of a deep brain stimulation (DBS) lead
on radiofrequency (RF) heating with a transmit and receive 9.4 tesla head coil.

Material and Methods—The RF heating was studied in four excised porcine heads (mean animal
head weight = 5.46 ± 0.14 kg) for each of the following two extra-cranial DBS lead orientations:
one, parallel to the coil axial direction; two, perpendicular to the coil axial direction (i.e., azimuthal).
Temperatures were measured using fluoroptic probes at four locations: one, scalp; two, near the
second DBS lead electrode-brain contact; three, near the distal tip of the DBS lead; and four, air
surrounding the head. A continuous wave RF power was delivered to each head for 15 minutes using
the coil. Net, delivered RF power was measured at the coil (mean whole head average specific
absorption rate = 2.94 ± 0.08 W/kg).

Result—RF heating was significantly reduced when the extra-cranial DBS lead was placed in the
axial direction (temperature change = 0-5 °C) compared to the azimuthal direction (temperature
change = 1-27 °C).
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Conclusion—Development of protocols seems feasible to keep RF heating near DBS electrodes
clinically safe during ultra-high field head imaging.
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INTRODUCTION
Development of a clinically feasible protocol to place the extra-cranial portion of a deep brain
stimulation (DBS) lead such that to minimize radiofrequency (RF) heating is of significant
interest during high field (1.5T and 3T) and ultra-high field (i.e., MR systems with static
magnetic field strength ≥ 7T) MR imaging and spectroscopic applications. This is so because
MR systems are extensively used for clinical diagnostics and research in patients suspected of
harboring various neurological disorders, including stroke and cancer. Patients with implanted
DBS devices are at least as susceptible to neurological disorders as the general population.
Additionally, high resolution MRI and MRS with clinically ‘safe’ RF heating creates the
potential for improved diagnosis and treatment of various neurological disorders and to develop
deeper understanding of the neuro-physiology in DBS patients to better manage their treatment
and health in general. New ways of local shimming are being developed at high fields and
ultra-high fields to conduct high resolution MRI and MRS (1-5).

Ultra-high field MR systems provide higher signal to noise ratio (SNR); and thus, higher spatial
and temporal image resolutions compared to lower field MR systems. SNR is directly
proportional to the static field strength in an MR system (6,7). Unfortunately however, RF
heating near a DBS device is expected to be more probable and stronger as the static magnetic
field strength increases. This is so because non-uniformity of the electromagnetic field
increases with an increase in the static field strength (6,8-11). Also, Larmor frequency is
directly proportional to the static field strength (12). In principle, an increase in the non-
uniformity of the electromagnetic field and Larmor frequency makes the induction of currents
in the coiled wires of a DBS device and thus, RF heating more probable and stronger for a
given DBS device placement (13). RF heating near DBS lead electrodes has been shown to be
a function of an RF coil, DBS device placement with respect to the coil, and RF power of a
pulse sequence at 1.5T and 3T (14-17).

RF heating due to conductive medical implants and its thermo-physiological consequences are
unknown at ultra-high fields. The RF heating and its thermo-physiological consequences have
yet to be studied in non-perfused/perfused tissues at 1.5T and 3T. The possibility of inducing
temperature changes greater than 1 °C at DBS lead electrodes has been demonstrated using
gel phantoms in 1.5T and 3.0T MR systems (14-21). Current MR safety guidelines consider 1
°C as the maximum allowable safe in vivo temperature change (22,23).

This preliminary work studies the effect of the orientations of the extra-cranial portion of a
DBS lead with respect to a transmit and receive volume head coil on RF heating in a real tissue
system (i.e., in the porcine head) at 9.4 T (Larmor water proton frequency of 400.2 MHz). The
study was conducted to gain understanding of the RF heating and seek the feasibility of
developing protocols to place the extra-cranial DBS lead such that to minimize RF heating
near DBS lead electrodes during imaging at the highest fields.
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MATERIAL AND METHODS
DBS Device and RF Heating

A DBS device consists of three parts: a DBS lead, a connecting lead, and a pulse generator.
The DBS lead and the connecting lead are coiled wires insulated using polyurethane. The DBS
lead has three or four bare electrodes (depending on the model type) near the tip. Typically,
part of the DBS lead with the electrodes near the tip is implanted in the brain (intra-cranial
DBS lead) by drilling a burr hole through the skull. The rest of the DBS lead (the extra-cranial
part) after exiting the skull is looped under the scalp and near the burr hole. The connecting
lead connects the extra-cranial end of the DBS lead and the pulse generator. The connecting
lead travels from the head, down the side of the neck and behind the ear to the pulse generator.
Excess connecting lead is typically looped under the generator. The pulse generator is typically
implanted subcutaneously below the clavicle.

A time-varying electro-magnetic (EM) field produced by an RF coil (i.e., the imaging MR coil)
during MRI induces current in the coiled wires (i.e., the DBS lead and the connecting lead)
and the looped portion of the leads (13). The strength of the induced current depends on the
strength of the RF power, frequency, and the orientation of the coil and loop with respect to
the generated EM field. This induced current dissipates in the brain from the bare electrodes
of the DBS lead causing RF heating.

With a transmit and receive head coil, the placement of the extra-cranial portion of the DBS
lead is expected to affect RF heating near DBS lead electrodes the most due to its relative
closeness to the coil compared to the connecting lead and the generator. This is so because the
extra-cranial portion of the DBS lead can be placed (e.g., run straight out of the coil/bore behind
or side of the patient than to coil near the burr hole) such that the rest of the DBS stays relatively
away from the RF coil and thus, does not affect the RF heating as much.

During such a placement and also during a typical loop placement, parts of the DBS lead will
run parallel and perpendicular to the coil axial direction (16,19,24). Therefore, the current work
studies the effect of the placement of the extra-cranial DBS lead in the axial and azimuthal
directions on the RF heating.

The DBS lead used in this work (model number 3389, Medtronic Inc., Minneapolis) was a
coiled wire insulated using polyurethane with four bare electrodes near the tip. Each electrode
was 1.5 mm wide. Inter-electrode spacing was 0.5 mm. First and the distal most DBS electrode
was located 1.5 mm away from the DBS lead tip.

Porcine Model
Porcine brains were used instead of tissue mimicking gels to measure RF heating in real tissues
near DBS electrodes. Use of the porcine brain inherently simulated appropriate electromagnetic
properties of the porcine and human brain at 400 MHz (instead of preparing gel such that to
mimic appropriate electromagnetic properties of the brain at 400 MHz, a method which is
challenging and only approximate) (25). Thermal conductivity of the porcine head (e.g.,
epidermis = 0.21 W(mK)−1, fat = 0.16-0.40 W(mK)−1, brain = ~0.5 W(mK)−1, muscle =
0.46-0.62 W(mK)−1 ) was comparable to the thermal conductivity of the human head (e.g.,
epidermis = 0.21 W(mK)−1, fat = 0.20-0.22 W(mK)−1, brain = 0.50-0.56 W(mK)−1, muscle =
0.49-0.59 W(mK)−1) (26).

Next, use of the un-perfused porcine head provided the worst case RF heating data near DBS
electrodes in porcine models due to various orientations of the extra-cranial DBS lead. Study
of the local and systemic thermo-physiological effects of the RF heating is underway using in
vivo porcine models (11,27). Local and systemic thermo-physiological effects are not well
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understood of the local mammalian brain heating in the range of 37-40 °C (28). A porcine
model is an appropriate and thermo-physiologically conservative animal model of humans to
study such effects (28,29).

Transmit and Receive 9.4T RF Coil
The RF coil was a 15.24 cm long, 22.86 cm internal diameter, four micro-strip loop head coil
built on a 1.27 cm thick Teflon frame. The loops were made out of 35.56 μm thick and 1.27
cm wide copper tapes. The ground plate loops over the Teflon frame were made out of the
35.56 μm thick and 2.54 cm wide copper tapes. The inner loops and corresponding ground
plate loops were connected at feed port ends through capacitors.

Experiment Design
RF heating was measured in four, excised, non-perfused porcine heads (mean animal head
weight = 5.46 kg, SD = 0.14 kg) due to a DBS lead with a transmit and receive, four-loop, 9.4T
volume head coil. Four porcine heads were chosen since a minimum number of N=2.7 animals
was required to yield >95% power with P<0.05 (two-sided) to detect a minimum temperature
change of 0.25 °C. The RF heating was measured in the excised porcine heads for the reasons
mentioned before. A transmit and receive volume head coil was used to produce RF heating
since a head coil had been shown to produce less RF heating compared to a body coil (16).
Additionally, the use of a transmit and receive head coil is typical for brain imaging at ultra-
high fields (6,10,30-32).

Temperatures were measured at four locations in each pig using fluoroptic temperature probes
(Luxtron Corporation, model m3300): one, scalp; two, near the second electrode-brain contact
from the distal DBS lead tip; three, 5 mm away from the second electrode near the DBS lead
tip in the brain; and four, air next to the head in the head coil. Temperature at the epidermis of
the scalp was monitored to measure direct RF heating of the scalp from the coil and the exiting
DBS lead. Temperatures in the brain were measured to measure RF heating near DBS
electrodes. Air temperature was monitored to make sure that heating conditions are not
statistically significantly different among experiments. The temperatures were recorded for 5
minutes prior to an RF power deposition, during ~15 minutes of the RF power deposition, and
for 15 minutes after the RF power deposition. The effect on the RF heating of the orientation
of the extra-cranial portion of the DBS lead was studied by placing the extra-cranial portion
in each cadaver head in the desired orientation. The extra-cranial portion of the lead was placed
over the head coil to produce maximum RF heating and to keep the placement repeatable. RF
heating decreases as the distance between the extra-cranial DBS lead and the coil surface
increases. Reproducible extra-cranial DBS lead placement inside a head coil is difficult to
achieve with different porcine heads due to the geometry of the porcine head and length of the
DBS lead.

A continuous wave (CW) RF power was delivered to the head at 400.2 MHz for 15 minutes
using the tuned and matched head coil such that the whole head average SAR was ~ 3 W/kg
(mean whole head average SAR = 2.94 W/kg, SD = 0.08 W/kg). Net RF power (forward –
reverse) delivered to the head coil was measured using a power meter (Giga-tronics Universal
Power Meter, model #8652A) at the coil. The RF power was delivered for 15 minutes so as to
replicate a typical imaging duration (16). 3 W/kg of the whole head average SAR was the
upper, safe limit of the SAR as per current MR safety guidelines for humans with no conductive
medical implants (22,23).

A porcine head was harvested after appropriate euthanasia. The head was cut off the body at
the level of the first cervical vertebra (i.e., C1 level). Ears were removed since they obstructed
appropriate placement of the porcine head in the head coil. The weight of the head was
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measured so to subsequently compute the amount of the RF power required to deliver 3 W/kg
whole head average SAR. An ~18G hole was drilled through the porcine cranium perpendicular
to the coil plane (i.e., in the coil radial direction) to place the DBS lead and temperature probes
deep within the porcine brain. The hole was drilled 45 mm away from the back of the skull
and 5 mm left to the line that divided the head in two equal halves. The hole was drilled such
that the dura was not punctured. The distance from the scalp to the dura was measured. The
head was placed in the four-loop volume head coil. The marked DBS lead and two fluoroptic
probes were inserted through the dura within the brain to pre-determined depths. The DBS lead
was placed such that the distal lead tip was 15 mm away from the dura. Placing the distal DBS
lead tip 15 mm deep in the porcine brain was appropriate for following two reasons. One, DBS
electrodes were placed roughly close to the clinically relevant deep brain structures like
thalamus. The scalp to the lead tip distance was approximately ~50 mm (average distance from
skin to dura = 31.63 mm, SD = 6.14 mm), which was close to a clinical situation of a DBS lead
placement (Figure 1) (16). Two, the electrodes were placed away from the surface to minimize
the effects of surface cooling. No specific brain structure was targeted since the goal of this
work was to study the effect of the extra-cranial DBS lead orientation on the RF heating. Next,
the extra-cranial portion of the DBS lead was placed either parallel to the axial direction (Figure
2) or perpendicular to the axial direction (i.e., in the azimuthal direction) (Figure 3). One
fluoroptic temperature probe each was placed at the depth of 15 mm and 10 mm after the dura,
respectively. At 15 mm depth the first fluoroptic probe was placed near the distal DBS lead tip
and 1.5 mm away from the edge of the first DBS electrode (distal most electrode). At 10 mm
depth the second fluoroptic probe was placed approximately between the second and third DBS
electrodes. It was assumed that placing the DBS lead and the temperature probes through an
18 G wide and ~3 cm deep cranial ‘guide’ hole assured placement of the temperature probes
close to the DBS lead electrodes. Third fluoroptic temperature probe was placed in the
epidermis layer in the scalp near the burr hole, ~0.5 cm lateral to the exiting DBS lead. Fourth
and the last fluoroptic temperature probe was placed near the porcine head in the coil to monitor
air temperature.

Next, the RF coil was tuned and matched to 400.2 MHz. Giga-tronic power meter was attached
to the coil. The net CW RF power delivered to the coil was adjusted to produce ~ 3 W/kg whole
head average SAR assuming 100% coil coupling efficiency. The actual coupling efficiency of
the RF coil to the head was estimated at ~80 %. The actual efficiency was determined by
measuring quality factor of the loaded and unloaded coil for two pig heads of weights
comparable to the pig heads used in this study. The RF power was delivered to the head and
the temperatures were measured after the porcine head thermally equilibrated with the
surrounding room air temperature. The thermal equilibrium was determined by monitoring
temperatures in the scalp, brain, and room air before the RF power was delivered.

RESULTS
Clinically harmful heating at and near DBS lead electrodes may be induced due to a 15 minute,
400.2 MHz CW RF power deposition with a transmit and receive head coil. Temperature
changes in the range of ~0-26.8 °C and ~0-23.5 °C were measured near the second DBS lead
electrode (at 10 mm depth in the brain) and at the DBS lead tip (at 15 mm depth in the brain)
over baseline room air temperature, respectively (Table 1).

RF heating was significantly reduced (p at the scalp = 0.007, p at 10 mm = 0.006, p at 15 mm
= 0.016; paired, two-sided t test) when the extra-cranial portion of the DBS lead was placed
parallel to the coil axial direction compared to the perpendicular to the coil axial direction
(Table 3). During the axial placement of the extra-cranial DBS lead, maximum temperature
changes in the range of ~0-5.2 °C (average ΔT = 2.62 °C, SD = 2.22 °C) and ~0-3.5 °C (average
ΔT = 2.00 °C, SD = 1.47 °C) were measured near the second DBS lead electrode and the DBS
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lead tip, respectively (Table 1). During the azimuthal placement of the extra-cranial DBS lead,
maximum temperature changes in the range of ~16.8-26.8 °C (average ΔT = 21.54 °C, SD =
4.23 °C) and ~11.9-23.5 °C (average ΔT = 15.61 °C, SD = 5.31 °C) were measured near the
second DBS lead electrode and the DBS lead tip, respectively (Table 1). Figure 4 presented a
typical RF heating response in one of the porcine heads for the axial extra-cranial DBS lead
placement. Figure 5 presented a typical RF heating response in the same porcine head for the
azimuthal extra-cranial DBS lead placement.

Temperature changes at the scalp were statistically insignificant between the axial and
azimuthal placements of the extra-cranial DBS lead after 1 minute of RF heating (p = 0.066,
paired, two-sided t test), (Table 3). Thus, coil RF power deposition did not statistically
significantly alter between the axial and azimuthal placements of the extra-cranial DBS lead.
Temperature changes were statistically significant at the scalp between the axial and azimuthal
placements of the extra-cranial DBS lead after 15 minutes of RF heating (p = 0.007; paired,
two-sided t test). Scalp temperature change was greater during the azimuthal DBS lead
placement than the corresponding temperature change during the axial DBS lead placement.
This may be attributed to the diffusion of thermal energy from the brain near the DBS electrodes
to the scalp and from the exiting heated lead.

Temperatures continued to rise during the CW RF power deposition. In other words, no thermal
steady state was achieved in porcine heads during the 15 minutes of the RF power deposition
(e.g., Figures 4-5). Rate of temperature change was higher in the first one minute compared to
the last one minute in porcine heads due to the effects of thermal diffusion.

DISCUSSION
Several important and clinically relevant observations were made. First, clinically harmful
heating near DBS electrodes may be induced by the orientation of the extra-cranial portion of
the DBS lead at ultra-high fields (Table 1, Figures 4-5). The observation was explained since
the RF heating was dependent on the currents induced in the DBS coiled wire by the time
varying electromagnetic fields. Induced currents in the extra-cranial portion of a DBS lead
depended on the placement of the extra-cranial DBS lead with respect to a transmit RF coil.
Strong dependence of RF heating near DBS electrodes on the orientation of the extra-cranial
DBS lead with respect to a coil suggested that the human head geometry should be investigated
to determine human relevant RF heating near DBS electrodes in the human brain. The inherent
distribution of appropriate electromagnetic properties in fresh human cadavers at a Larmor
frequency will facilitate the development of clinically feasible protocols to minimize RF
heating due to a DBS lead during imaging at ultra-high fields. Such protocols should be
developed for a given RF coil and DBS lead.

In a previous report, temperature changes other than the noise could not be detected due to a
DBS lead (model 3387, Medtronic Inc., Minneapolis) at 1.5T and 2.35T in a NaCl solution-
filled phantom with a body coil (15). However, the importance of the placement of the extra-
cranial portion of a DBS device (DBS lead, percutaneous connector lead, and impulse pulse
generator) relative to an RF coil on RF heating has been demonstrated earlier both at 1.5T and
2.35T (15,16).

The presence of normal cranial perfusion in live porcine models is expected to reduce the
maximum temperature change near DBS electrodes. However, the region of brain tissue near
DBS electrodes with clinically significant RF heating might be altered due to the redistribution
of the RF heating by the blood. This is so because the blood arriving to the tissue near heated
electrodes will heat up due to the temperature difference between the tissue and the blood. This
heated blood will raise the temperature of the colder tissues as it travels away from the heated
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electrode. Therefore, the blood flow will decrease the maximum temperature of the heated
tissue. However, the temperature of the other tissue regions will be increased or decreased
depending on the flow and its temperature, significantly altering the region of tissue with
clinically significant RF heating.

Next, regarding safe brain temperature change thresholds, neuronal tissue is considered as one
of the most sensitive tissue types to temperature changes (33). However, to date exact cellular
temperature thresholds are unknown beyond which cellular and systemic functions of a
mammalian brain are adversely and irreversibly compromised. Brain temperature changes
greater than 1 degree C may be acceptable near implants. Cumulative Equivalent Minutes ~43
is routinely used to determine irreversible cell injury during thermal therapies (28). Whole
body relatively uniform temperature changes of ~2 °C are safely experienced by humans during
fever and porcine models (34). However, as mentioned above the International Commission
on Non-Ionizing Radiation Protection recommends 1 °C temperature change as the maximum
allowable safe temperature change in the head during MRI (22). Indications exist that the
thermal threshold is a function of the cellular temperature-time history (27). Further, in vivo
temperature changes on the order of 1 °C may adversely affect thermoregulatory physiology
(27,35-38). Given the significant role of the blood flow in determining the tissue temperature
and the unknown nature of the local and systemic thermo-physiological effects due to the local
mammalian brain heating in the range of 37-40 °C both human and animal models are needed
to understand RF safety with implanted DBS devices. Perfused, fresh cadaver models are
needed to understand the role of blood flow in determining tissue temperatures near DBS
devices. Live, thermo-physiologically conservative animal models (e.g., swine) are required
to understand local and systemic thermo-physiological effects due to local mammalian brain
heating in the range of 37-40 °C (11,27,29).

Second, statistically significant reduction in the RF heating in the brain was observed when
the extra-cranial portion of the DBS lead was placed parallel to the axial direction, instead of
perpendicular to axial direction (at the scalp = 29.9-64.36 %, at 10 mm in the brain =
~73.67-100.75%, at 15 mm in the brain = ~72.56-99.93%), (Table 1). The observation was
explained since the magnetic flux crossing the DBS coiled wires approached zero when the
magnetic field direction and coiled wire direction were parallel (i.e., when the extra-cranial
DBS lead was oriented in the axial direction) inducing relatively less RF heating. The magnetic
flux crossing the DBS coiled wires approached maximum when the magnetic field direction
and coiled wire direction were perpendicular (i.e., when the lead was oriented in the azimuthal
direction) inducing relatively more RF heating. Induced electromotive force and thus, current
in a coiled wire is proportional to the rate of change of total magnetic flux. The observation
indicated the feasibility of developing protocols for the placement of the extra-cranial DBS to
minimize RF heating at the highest fields for a given RF coil and DBS lead. Note that the RF
heating during a typical loop placement of the extra-cranial DBS underneath the scalp was
expected to be between the RF heating measured during the axial and azimuthal placements
of the extra-cranial DBS. The observation was encouraging since it was observed that the RF
heating decreased as the distance between the extra-cranial DBS lead and RF coil surface
increased. Expected temperature rise if the extra-cranial portion of the lead is laid out along
the longitudinal axis of the coil is expected to be similar to the temperature rise when the extra-
cranial lead was placed in the coil axial direction.

Third, strong temporal and spatial temperature gradients may exist near DBS electrodes (Table
1, Figure 5). Strong temporal gradients were apparent from ~16.8-26.8 °C (average temperature
rise = 21.54 °C, SD = 4.23 °C) temperature rise in 15 minutes of the RF power deposition at
the second DBS electrode when the extra-cranial portion of the lead was placed in the coil
azimuthal direction. Strong spatial temperature gradient was apparent from ~3.4-8.5 °C
(average temperature difference = 5.93 °C, SD = 2.27 °C) temperature difference between the
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two, 5 mm apart, fluoroptic temperature probes in the brain after 15 minutes of the RF power
deposition for the same extra-cranial lead orientation. Strong temporal and spatial temperature
gradients near DBS electrodes suggested that accurate computational modeling of
electromagnetic and resultant temperature fields required high temporal and spatial resolution
and/or higher order elements. Convergence of a solution must be checked by increasing
resolution to have confidence in the simulated electromagnetic and temperature fields. Further,
strong spatial gradients suggested the possibility of non-uniform RF heating near DBS
electrodes. Note that the fluoroptic probe near the DBS lead tip (15 mm deep in the brain) was
only 1.5 mm away from the first DBS electrode.

Fourth, temperatures kept increasing in the brain and scalp during 15 minutes of the RF power
deposition and thermal steady state was not achieved. The observation was important since it
suggested that imaging time must be reduced to minimize the RF heating. Future investigations
in cadavers and animal models using MR thermometry outside the susceptibility artifact range
of the device and bioheat thermal modeling may provide useful indications to improve safety
during imaging of the patients implanted with DBS devices at high and ultra-high fields (39).

In comparing the present study with previous studies, Rezai et al. measured maximum
temperature changes ranging from 2.3 – 7.1 °C in a gel phantom after 15 minutes of MRI with
a head coil at 1.5 T. The scanner reported whole body average SAR ranged from 0.07-0.24 W/
kg (16). Finelli et al. measured maximum temperature changes ranging from 0.2-6.7 °C in a
gel phantom after 15 minutes of MRI with a head coil at 1.5 T. Several pulse sequences were
run with the scanner reported whole body average SAR ranging from 0.00-0.24 W/kg (17).
These results were comparable to the maximum temperature changes of 0-5.24 °C measured
in the present study during the axial placement of the extra-cranial DBS lead (Table 1). Baker
et al. measured maximum temperature changes ranging from 0.8-7.3 °C in a gel phantom after
1 minute of a spin echo sequence with a head coil at 3T. Time averaged RF power ranged from
13.2-14.7 W and the scanner reported whole body average SAR ranged from 0.2-0.3 W/kg
(19). The temperature changes were lower but comparable to the maximum temperature
changes of 0-8.4 °C measured in the current study in the first minute after the RF was started
(Table 2). Baker et al. measured maximum temperature changes ranging from 0.7-9.3 °C in a
gel phantom after 2 minutes of a spin echo sequence with a head coil at 1.5T. The scanner
reported whole head average SAR ranged from 0.6-6.5 W/kg (14). Carmichael et al. measured
the maximum temperature change of 1.4 °C (at 1.5 T, RF power deposition time ~3.5 minutes)
and 2.2 °C (at 3.0T, RF power deposition time ~2.0 minutes) with the head coil average SAR
of 1.45 W/kg and 2.34 W/kg, respectively (20). The results were lower but comparable to the
maximum temperature changes of 0-11.62 °C measured in the present study in two minutes
after the RF was started. Stronger RF heating near DBS electrodes at 9.4 T compared to
previous RF heating results was attributed to the use of porcine phantom, DBS lead placement,
9.4T head coil, and RF frequency. Also, RF heating depends on the manufacturer, software,
and construction of the head coil for a given placement of a DBS device. Therefore, a standard
guideline is required in manufacturing head coils, exciting tissues, and computing whole head
average specific absorption rates (SARs) to improve safety with implanted medical devices.

Use of a tissue sample may be more desirable for studying RF heating near DBS lead electrodes
compared to gel phantoms at high fields and ultra-high fields. This is so because RF heating
is a function of the electromagnetic and thermal properties of the sample. Electromagnetic
properties of a tissue vary with the frequency. A real tissue inherently possesses appropriate
electromagnetic and thermal properties (e.g., porcine brain) (25,26). In comparison, a gel needs
to be doped such that it may mimic appropriate electromagnetic and thermal properties of a
tissue at a frequency – a process which is challenging and at best approximate especially at
ultra-high fields. However, precise placement of DBS electrodes and temperature probes is
more complex and time consuming in opaque tissues compared to clear/semi-transparent gels.
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Regarding the limitations of the study, although the thermal properties of a porcine head and
a human head are similar, temperature changes measured herein in porcine heads may not be
assumed as representative temperature changes in un-perfused cadaver heads with implanted
DBS leads imaged at 9.4 T with a head coil. This is so since the RF heating depends on the
head geometry, body geometry, blood perfusion, DBS lead placement with respect to an RF
coil, RF coil, and Larmor frequency. Future studies employing fresh perfused cadavers are
needed to study RF heating near DBS electrodes in the brain and develop clinically feasible
protocols to minimize RF heating during imaging at the highest fields.

In conclusion, clinically harmful temperature changes might result at and near DBS lead
electrode-brain contacts due to the orientation of the extra-cranial portion of a DBS lead at
ultra-high fields. However, development of the protocols seemed feasible to significantly
reduce RF heating by favorably placing the extra-cranial DBS lead with respect to a transmit
and receive head coil at the highest fields.
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Figure 1.
DBS lead in the porcine brain. ~1mm wide DBS lead was imaged as a ~5mm wide DBS lead
with a GRE sequence at 3T due to susceptibility artifacts.
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Figure 2.
The extra-cranial portion of the DBS lead is placed parallel to the 9.4T, four loop head coil
axial direction.
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Figure 3.
The extra-cranial portion of the DBS lead is placed perpendicular to the 9.4T, four loop head
coil axial direction.
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Figure 4.
Temperature changes in a porcine head due to 15 minutes of CW, 400.2 MHz RF power with
a four loop head coil when the extra-cranial portion of the DBS lead was placed parallel to the
coil axial direction.
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Figure 5.
Temperature changes in a porcine head due to 15 minutes of CW, 400.2 MHz RF power with
a four loop head coil when the extra-cranial portion of the DBS lead was placed perpendicular
to the coil axial direction.
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Table 3

p-value for two sided paired t-test to statistically compare the reduction of heating when the extra-cranial portion
of the DBS lead (#3389, Medtronic Inc., Minneapolis) was placed parallel (i.e., axially) instead of perpendicular
(i.e., azimuthally) to the 9.4T RF head coil axis. The t-test was performed using the temperature change data
presented in Tables 1-2.

Temperature Change
Duration (minute)

Air Scalp Brain
(10 mm)

Brain
(15 mm)

15 0.138 0.007 0.006 0.016

1 0.286 0.066 0.004 0.017
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