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Safety of Localizing Epilepsy Monitoring
Intracranial Electroencephalograph Electrodes
Using MRI: Radiofrequency-Induced Heating
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Purpose: To investigate heating during postimplantation
localization of intracranial electroencephalograph (EEG)
electrodes by MRI.

Materials and Methods: A phantom patient with a realistic
arrangement of electrodes was used to simulate tissue
heating during MRI. Measurements were performed using
1.5 Tesla (T) and 3T MRI scanners, using head- and body-
transmit RF-coils. Two electrode-lead configurations were
assessed: a “standard” condition with external electrode-
leads physically separated and a “fault” condition with all
lead terminations electrically shorted.

Results: Using a head-transmit–receive coil and a 2.4 W/kg
head-average specific absorption rate (SAR) sequence, at 1.5T
the maximum temperature change remained within safe lim-
its (�1°C). Under “standard” conditions, we observed greater
heating (�2.0°C) at 3T on one system and similar heating
(�1°C) on a second, compared with the 1.5T system. In all
cases these temperature maxima occurred at the grid elec-
trode. In the “fault” condition, larger temperature increases
were observed at both field strengths, particularly for the
depth electrodes. Conversely, with a body-transmit coil at 3T
significant heating (�6.4°C) was observed (same sequence,
1.2/0.5 W/kg head/body-average) at the grid electrode under
“standard” conditions, substantially exceeding safe limits.
These temperature increases neglect perfusion, a major
source of heat dissipation in vivo.

Conclusion: MRI for intracranial electrode localization can
be performed safely at both 1.5T and 3T provided a head-
transmit coil is used, electrode leads are separated, and
scanner-reported SARs are limited as determined in ad-
vance for specific scanner models, RF coils and implant
arrangements. Neglecting these restrictions may result in
tissue injury.
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MRI IS USEFUL for postimplantation localization of in-
tracranial electroencephalograph (EEG) electrodes in
epilepsy patients as it allows good visualization of im-
plant positions in relation to neuroanatomy and avoids
the ionizing radiation dose associated with computed
tomography (CT) imaging.

Implantation procedures can often involve a combi-
nation of electrodes of different types, namely subdural
grid, strip, and depth electrodes. Strip electrodes con-
sist of a set of disk-shaped electrode contacts imbedded
in a silicon sheet that record electrical signals from the
cortical surface, while grid electrodes are simply a set of
strip electrodes joined together to record EEG signals
from a larger area. Depth electrodes are thin rods with
cylindrical contacts that penetrate cerebral tissue and
can record directly from deep brain structures. Signals
from the electrode arrays are recorded by means of
several multi-channel flexible connecting leads, re-
ferred to herein as “tails.”

As for the case of recording scalp EEG during MRI (1),
there are two primary hazards associated with the pres-
ence of intracranial EEG electrodes during MRI result-
ing from induced currents: (i) radiofrequency (RF) -in-
duced heating of tissue surrounding the electrodes, (ii)
stimulation of, or destructive current flow in, brain tis-
sue due to switching magnetic gradient fields. Provided
the electrode tails are not in contact (to form a low
impedance circuit at gradient switching frequencies)
then little low frequency current will flow. Furthermore,
related electrode implant experiments have confirmed
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that gradient induced voltages are small (2,3). Motion of
the patient relative to the static magnetic field may also
induce currents in conducting implants but this effect
has been shown not to be hazardous (1). The static
magnetic field can also give rise to additional health
risks by acting mechanically on (permanently or tran-
siently, e.g., by the passage of current) magnetized con-
ducting materials causing electrode movement or flexion.
In this study, we address the most significant safety is-
sue, that is, namely associated with RF heating.

While some intracranial electrodes designed for use
in epilepsy monitoring are thought safe for MRI proce-
dures (4–6), and others have been subject to testing
(7–12), to our knowledge to date no systematic experi-
mental study addressing the thermal safety of MRI with
multiple intracranial EEG electrodes has been pub-
lished. Two retrospective studies have described clini-
cal observations following MRI in a series of patients
with intracranial EEG electrodes, reporting no obvious
adverse neurological effects (13,14). These studies pro-
vide evidence that the risk of serious injury is low in the
specific conditions that were used (i.e., imaging se-
quence, specific absorption rate [SAR], scanner, RF
coil, electrode arrangements, etc). However, they do not
demonstrate how to achieve compliance with safety
guidelines or determine the specific conditions in which
the procedure may be dangerous.

While preliminary in vitro safety testing has also been
performed (4,7), these studies used test objects limited
in their anatomical realism, the nature of the conduc-
tive medium used, which can significantly alter temper-
ature increases (15) and their consideration of the im-
plications of implantation configurations involving
multiple, potentially electrically interacting electrode
types. Finally, the majority of previous studies were
undertaken at 1.5 Tesla (T), while the safety of MRI with
these implants at 3T, a field strength used increasingly
for clinical examinations, is less well established.

We, therefore, investigated MRI induced heating at
1.5 and 3T in a tissue-simulating test object containing
a combination of depth, grid and strip electrodes aiming
to replicate a realistic arrangement involving multiple
implants. We additionally tested the effects of bilateral
depth electrodes unintentionally coming into contact
within the tissue, and the effects of electrical contact
(short circuit) between the external electrode tails to
simulate a worst case “fault” condition. We also consid-
ered the choice of head-only or whole-body MRI RF-
transmit coil, because MRI systems using the latter are
increasingly common.

MATERIALS AND METHODS

Test Object and Temperature Measurements

A Perspex phantom, similar to that described in Finelli
et al (3,16), was formed with a shape and dimensions
approximating those of an adult human torso (Fig. 1),
and filled to a depth of approximately 10 cm with a
semiliquid gel comprising distilled water, polyacrylic
acid partial sodium salt (Aldrich Chemical; 8 g/L) and
sodium chloride (0.70 g/L) with electrical and thermal
characteristics similar to those of human tissue
(15,16).

The specific electrodes tested were those commonly
used at our own and many other institutions for intra-
cranial EEG monitoring in patients with epilepsy. The
depth electrodes (Ad-Tech, Racine, WI) consist of Plati-
num contacts of 2.3-mm length with a radius of 1 mm,
with nickel–chromium wires in polyurethane tubing
leading to nickel–chromium tail contacts. There are a
range of electrodes available which vary in terms of
numbers of contacts and their separation. The elec-
trodes used here were 1xSD-8PX (8 contact electrode
with 10-mm spacing, total length 380 mm), 2xSD-6PX
(6 contact electrode with 10-mm spacing, total length
370 mm). Grid and strip electrodes (Ad-Tech, Racine,
WI) have 4-mm diameter PtIr disks (2.3 mm exposed)
within a silicon sheet with stainless steel (316) wires

Figure 1. Experimental arrangement without gel. a: Head
part of the phantom patient shown with the various implants
inserted. b: Entire phantom with a 30-cm ruler for scale. The
phantom patient right hand side (RHS) and left hand side
(LHS) are indicated. The black plastic components were used
to position and hold the electrodes. c,d: The two electrode-tail
arrangements investigated are also demonstrated with the
tails separated in an “open circuit” (c) and bundled together in
a “short circuit” termination (d). e: The different geometry of
the “open circuit” tail arrangement required for the body coil/
bottom half of the 12-channel head array coil is demonstrated.
f,g: A schematic figure of the phantom showing the sites of
temperature measurement (in red) used for most experiments
(f), and for testing temperature changes with grid position
where different measurement sites were used (again in red; g).
h,i: The geometry of temperature probes relative to the elec-
trodes is demonstrated for depth (h) and grid contacts (i).
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and nickel–chromium tail contacts contained within
polyurethane tubing. The strip used here was a T-WS-
6PX (6-contact electrode with 10-mm spacing, total
length 445 mm), the grid was a T-WS-48PX (6 � 8
contacts with 10-mm spacing, and 6 tails, total length
455 mm).

For all the experiments, 3 depth electrodes, 1 sub-
dural grid, and 1 strip electrode were positioned within
the head phantom (Fig. 1). The depth electrodes were
inserted along the left–right axis and perpendicularly to
the sagittal plane, two on the left hand side (LHS) (1 �
8 contacts, 1 � 6 contacts) and one on the right hand
side (RHS) (1 � 6 contacts). This simulated implants
targeting the left hippocampus and amygdala with con-
tra-lateral control. The electrodes’ leads were run along
the phantom wall (within the gel) for 40 mm before
exiting the phantom to simulate surgical implantation
with electrodes tunneled under the skin away from the
cranial window to avoid infection. The lengths inside/
outside the phantom for the grid electrode were 155/
300 mm, for the strip electrode 95/350 mm, for the
RHS depth electrode 120/250 mm, for the LHS 6 con-
tact electrode 105/265 mm, for the LHS 8 contact elec-
trode 115/265 mm. The subdural grid and strip elec-
trode were placed in a configuration that simulated
implants recording from the cortical surface. This con-
figuration of the electrodes within the gel is hereafter
termed “normal” and was tested with each of the three
scanners; specific experiments with changes to this
configuration are described in detail below.

In all cases, measurements were performed with 2
different electrode tail arrangements: (a) physically sep-
arated such that the terminations were an “open cir-
cuit”, as per the manufacturer’s recommendation (Fig.
1c), to simulate a “standard condition”, and (b) bundled
together and secured such that the terminations
formed a short circuit to simulate a “fault condition”
(Fig. 1d). Except where specifically detailed below, the 8
contact depth electrode was used as the central land-
mark to be positioned at the scanner isocenter when
prescribing the image geometry.

Continuous temperature measurements were made
simultaneously from 4 positions using an MRI-compat-
ible fluoroptic thermometer (Model 3100, Luxtron Cor-
poration, Santa Clara, CA; accuracy �0.1°C; SMM
probes) at a rate of 0.5 Hz. A period from 1 min before to
4 min after the 6-min duration scan was used to deter-
mine maximum temperature changes. The tips of elec-
trodes are generally considered the locations most
likely to demonstrate the largest temperature change
(17,18). To further confirm this we performed several
pilot experiments placing the sensors at the point of
entry of the electrodes into the gel, the strip electrode,
the grid and depth electrodes. We also used preliminary
(unpublished) modeling results to inform our choice of
temperature recording sites. The temperature-sensor
fiber tips were placed such that they lay in a transverse
position relative to the electrode contacts (see Fig. 1h,i).
Temperature measurement sites were modified for
some experiments and so are given in each section
below.

All MRI sequence SAR values given below are those
reported by the software of the particular system at

scan time with an entered patient weight of 50 Kg. The
limitations and implications of this approach are ad-
dressed in the discussion section.

1.5T Imaging

Measurements were performed in a 1.5T GE Signa MRI
system (software level lx 9.1; GE Healthcare, Milwau-
kee, WI) with the standard transmit–receive birdcage
head coil. A 6-min fast spin-echo (FSE) acquisition with
a SAR value of 2.4 W/Kg (head average) was used to
elicit the highest temperature changes likely in a struc-
tural imaging study. Sequence details were as follows:
repetition time (TR) 4660 ms; echo time (TE) 104.4 ms;
bandwidth (BW) 31.2 kHz; field of view (FOV) 24 � 18
cm; matrix 256 � 224; echo-train length (ETL) 24; 25
slices; slice thickness (ST) 5 mm; slice separation (SS) 1
mm; 8 averages. The temperature probes were sited at
the following locations: the most distal (contact #1) and
middle (contact #4) contacts of the 8-contact depth
electrode on the LHS, the corner of the grid (contact
#48) and at a reference position within the neck region
of the phantom away from all electrodes (see schematic
Fig. 1f).

To assess the reproducibility of the temperature re-
cordings, measurements were repeated on a further
four separate occasions with all electrodes in the “nor-
mal” configuration, in each case the temperature sen-
sors and electrodes being repositioned as accurately as
possible in the locations described above.

In addition to the “normal” electrode arrangement,
with spatial separation between all depth and strip/
grid electrodes within the gel, a further configuration
was used to investigate the effect of electrodes coming
into direct contact within the tissue. The depth elec-
trodes were repositioned such that the RHS 6-contact
depth electrode and the LHS 8-contact depth electrode
most distal contacts were in direct contact while posi-
tioned parallel and adjacent to each other. Further-
more, the temperature probes were repositioned such
that they were adjacent to these contacts (one sensor
for each of the touching depth electrode contacts) on
the opposite side to the part of the electrode-contacts
which were touching. The other two sensors remained
at the grid corner (contact #48) and at a reference po-
sition within the neck region.

3T Imaging: General Electric 3T Excite

Measurements were performed in a GE 3T Excite sys-
tem (software level 12_M4) using the standard transmi-
t–receive birdcage head coil provided. A 6-min FSE ac-
quisition with a SAR of 2.5 W/Kg (head-coil average),
similar to that used at 1.5T, was used. Sequence details
were as follows: TR 6000; TE 102; BW 31.5 kHz; FOV
22 � 22; matrix 512 � 256; 17 slices; ST 5 mm; SS 1.5
mm; averages 2. Again temperatures were recorded
continuously during acquisition; in this case, only the
“normal” intracranial electrode arrangement was inves-
tigated. Temperature probes were sited at the following
positions: the most distal (contact #1) and middle (con-
tact #4) contact of the 8-contact depth electrode on the
LHS, the corner of the grid (contact #48) and at a ref-
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erence position within the neck region of the phantom
away from all electrodes (see schematic Fig. 1f).

3T Imaging: Siemens 3T TIM Trio

Measurements were performed in a Siemens 3T TIM
Trio MRI system (software level VB13 SP2; Siemens AG,
Erlangen, Germany) using, first, a transmit–receive
birdcage head coil (USA instruments, Aurora, Ohio),
and second, the manufacturer-supplied body-transmit
coil together with the posterior half of a 12-element
head-receive coil for signal reception. A high-SAR,
6-min FSE imaging sequence similar to that used with
the GE systems was used. Sequence details were as
follows: TR 6000 ms; TE 106 ms; BW 81.9 kHz; FOV
20 � 20 cm; 20% PE oversampling; matrix 512 � 410;
13–18 slices; ST 3 mm; SS 0.3 mm; NEX 2, ETL (Turbo
factor) 17. This gave reported SARs of 2.4 W/Kg head-
average for the head coil and 1.2 W/Kg exposed vol-
ume-average for the body coil with an identically pre-
scribed protocol. One additional measurement was
performed with the body coil in which SAR was maxi-
mized by using the maximum permitted number of
slices within the TR together with an additional magne-
tization-transfer pulse achieving an exposed body-av-
erage SAR of 2.0 W/Kg with the body coil.

In contradistinction to the GE MRI systems, which
apparently estimate SARs solely based on the patient
weight entered at the console, the Siemens system SAR
estimation incorporates a measurement of patient-spe-
cific coil loading. Consequently it was found that the
SAR values reported by the Siemens system software
were quite dependant on the exact phantom position
and electrode configuration. For consistency, for each
head-coil measurement the number of slices was varied
(between 13 and 18) to achieve a reported head-average
SAR of 2.4 � 0.1 W/Kg.

Again temperatures were recorded continuously dur-
ing acquisition, in this case only the “normal” intracra-
nial electrode arrangement being investigated and were
sited at the following locations: the most distal (contact
#1) and middle (contact #4) contacts of the 8-contact
depth electrode on the LHS, the corner of the grid (con-
tact #48) and at a reference position within the neck
region of the phantom away from all electrodes (see
schematic Fig. 1f).

Effects of Scanner Landmark and Grid Implant
Positions (Siemens 3T TIM Trio)

First, the effect of landmark position (to assess the
impact of different patient positions relative to the mag-
net isocenter and body RF coil) was examined by run-
ning the FSE sequence (exposed body-average SAR 1.2
W/Kg) with the landmark centered on the 8-contact
depth electrode and subsequently with offsets of �100
mm along the scanner bore. These measurements were
performed with the body-transmit coil and the elec-
trode-tails bundled together in electrical contact. Tem-
perature measurement locations were the most distal
(contact #1) and middle (contact #4) contacts of the
8-contact depth electrode on the LHS, the corner of the
grid (contact #48) and at a reference position within the
neck region of the phantom away from all electrodes
(see schematic Fig. 1f).

Second, the effect of adjusting the position of the grid
electrode-array within the phantom was investigated
using four different arrangements with different posi-
tions and orientations (see Fig. 2): (a) with the grid array
adjacent to the wall of the phantom, (b) with a position
typical of those used in the previously described mea-
surements, that is, separated from the phantom wall by
approximately 1 cm, (c) the opposite side of the spacer
bars (see Fig. 1), and (d) with the grid rotated through
90° to lie in the coronal plane. In experiment (d) the
temperature was measured from three of the grid con-
tacts (the two corners, contacts #1 and #48, and one
more central, contact #20, see schematic Fig. 1g). These
measurements were performed with the head-transmit
coil and the electrode-tails bundled together in electri-
cal contact.

RESULTS

1.5T Imaging

In all cases with more than one temperature sensor on
an implant, the values from the site of greatest temper-
ature change are reported.

Temperature Change Reproducibility

The results of conducting the same experiment 5 times
on separate days, requiring the phantom, temperature
probes and electrodes to be repositioned relative to each
other and the scanner are shown in Table 1. Experi-
ments 4–5 were performed sometime after experiments

Figure 2. Visualization of the different grid positions tested. The white bars are adjacent to the grid position as seen in an axial
scout image. a–d: Parts correspond to the grid electrode positions a–d as reported in Table 4.
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1–3 requiring a new gel solution of the same composi-
tion to be used. The mean and range of the measure-
ments from the grid and depth electrodes with the two
configurations: (a) tails physically separated, open cir-
cuit, (b) tails bundled together, short circuit, demon-
strated that grid electrode temperature increases (�Ts)
were consistent between measurements in both config-
urations but showed a greater range in the shorted
condition (�1.2 to �1.7°C). For the depth electrode,
there was consistently no measurable �T (always �
0.1°C) provided the tails were separated; however,
larger increases and a greater range of �Ts were ob-
tained when the tails were short circuited (�0.9 to �3.0
°C).

Head-Transmit Coil

With the electrode tails separated, the maximum �T at
all measurement points was always � 1°C (Table 2; Fig.
3a,b). The depth electrode did not show any heating
whereas the grid electrode demonstrated a modest tem-
perature increase (�0.7 to �0.8°C). Maximum �T was
always increased by shorting the electrode tails at both
the grid and depth electrodes. The difference in maxi-
mum �T between the two electrode tail configurations
(i.e., open versus short circuit) was smaller for the grid
electrode compared with the depth electrode.

Depth Electrodes Touching Within the Gel

Very similar results to those above were obtained for
the second configuration of the depth electrodes where
the electrode tips were in direct contact within the gel
(compare 1.5T results in Table 2). In this experiment
temperature was recorded from the opposite sides of
the touching contacts from the left and right hand side
depth electrodes. With the electrode tails in the open
circuit configuration neither depth electrode showed a
significant �T (�0.1°C). Both electrodes showed a sig-
nificant increase when the tails were shorted with the

LHS electrode heating to �1.9°C and the RHS electrode
to �1.1°C.

3T Imaging: GE 3T Signa Excite system

Head-Transmit Coil

The grid electrode was the site of greatest temperature
increase (�2.0°C) in the open circuit tail configuration
(Table 2; Fig. 3d) with a smaller �T seen at the depth
electrode (�0.3°C, Fig. 3c). As at 1.5T, �T was always
increased by shorting the electrode tails, with the great-
est �T (�3.9°C) occurring at the grid electrode. The
largest recorded temperature increase (�6.9°C) was ob-
tained during a pilot experiment on the GE system with
the tails shorted and while acquiring a higher SAR (3.8
W/Kg head-average) scan which was interrupted auto-
matically due to the scanner’s time-averaged SAR limit
(3 W/Kg for 6 min) being exceeded.

3T Imaging: Siemens 3T TIM Trio System

Head-Transmit Coil

With the electrode tails shorted the maximum �T was
�1.7°C for the grid and �1.6°C for the depth electrode
(Fig. 4a,b). Again, with the tails-separated open-circuit
termination, the maximum �T was reduced (�0.9°C) for
the grid, and by a greater margin for the depth electrode
(�0.2°C).

Body-Transmit Coil

The greatest �T (�6.4°C) occurred at the grid electrode
when the electrode tails were separated (i.e., opposite to
the effect seen with the head-transmit coil; Fig. 4d). At
the depth electrode, markedly lower �T were observed
(�0.7°C, Fig. 4c); however, this was by far the greatest
temperature increase recorded at the depth electrode in
the open circuit configuration. With the electrode tails
shorted, the maximum �T at the grid and the depth
electrodes was reduced to �0.7°C and �0.5°C at each
implant, respectively. These temperature changes were
produced using the same scan protocol as for the head
coil measurements. A further body-coil transmit scan

Table 2
Maximum Temprature Changes for Different Scanners,RF Coils
and Electrode Arragement.

Scanner[coil]
SAR(W/Kg)
head/body

Tail
termination

�T°C

Depth Grid

GE 1.5T [Head coil] 2.4/0.2 open circuit �0.1 0.7
short circuit 2.5 1.7

repeated with depth
electrode tips
touching

open circuit �0.1 0.7
short circuit 1.9 1.7

GE 3T[Head coil] 2.5/0.2 open circuit 0.3 2.0
short circuit 0.5 3.9

Siemens 3T [Head
coil]

2.4/0.2 open circuit 0.2 0.9
short circuit 1.6 1.7

Siemens 3T [Body
coil]

1.2/0.5 open circuit 0.7 6.4
short circuit 0.5 0.7

2.0/0.8 short circuit 0.8 1.2

Table 1
Maximum Temperature Changes for Repeated Measurements
Using the 1.5T GE With Head Transmit RF Coil

Experiment
#

Tail termination
�T °C

Depth Grid

1 Opencircuit �0.1 0.7
Shortcircuit 1.4 1.4

2 Opencircuit �0.1 0.7
Shortcircuit 1.8 1.7

3 Opencircuit �0.1 0.7
Shortcircuit 2.5 1.5

4 Opencircuit �0.1 0.7
Shortcircuit 3.0 1.3

5 Opencircuit �0.1 0.8
Shortcircuit 0.9 1.2

Mean Opencircuit �0.1 0.7
Shortcircuit 1.9 1.5

Range Shortcircuit �0.1 0.7-0.8
Opencircuit 0.9-3.0 1.2-1.7
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was run with increased SAR (see Table 2, bottom row)
with the tails shorted; this induced greater heating pro-
portional to the increase in SAR but �T was still small in
comparison to that obtained with the open circuit tail
termination and the lower SAR protocol.

Effects of Scanner Landmark and Grid Implant
Positions

Three different landmark positions were tested (see Ta-
ble 3) while running an identical protocol. There were
differences in the peak temperature changes, with
higher values seen at all the measured electrode posi-

tions for the table position 100 mm further into the
scanner bore (maximally �0.7°C for the depth, �0.9°C
for the grid) compared with those obtained with the
table centered (maximally �0.4°C for the depth, �0.6°C
for the grid). However with the table landmark �100
mm (100 mm less far into the scanner), the results were
very similar to those obtained with the central land-
mark (maximally �0.4°C for the depth, �0.7°C for the
grid), despite the scanner reported SAR increasing from
1.2/0.5 W/Kg to 1.4/0.9 W/Kg. It is of note that the
scanner-calculated SAR changed substantially be-
tween landmark positions, despite an otherwise identi-

Figure 3. Maximum tempera-
ture changes at 1.5 and 3T.
Dark solid line: electrode tails
shorted together; gray dotted
line: electrode tails electrically
isolated and separated. Hori-
zontal gridlines are always
0.5°C and the horizontal bar
indicates the scan period. a:
1.5T GE system, head-trans-
mit coil, depth electrode. b:
1.5T GE system, head coil, grid
electrode. c: 3T GE system,
head coil, depth electrode. d:
3T GE system, head coil, grid
electrode.

Figure 4. Maximum tempera-
ture changes using different
RF-transmit coil arrangements
at 3T. Dark solid line: electrode
tails shorted together; gray
dotted line: electrode tails elec-
trically isolated and separated.
Horizontal gridlines are always
0.5°C and the horizontal bar
indicates the scan period. All
data are from a 3T Siemens
TIM Trio system. a: Head coil,
depth electrode. b: Head coil,
grid electrode. c: Body coil,
depth electrode. d: Body coil,
grid electrode.
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cal sequence, due to changes in the scanner coil-load-
ing and the scanner estimates of exposed mass with
position relative to the RF coil. All �T were modest for
this arrangement (body-transmit coil; electrode tails
shorted externally).

The peak temperature change varied significantly as
a function of grid electrode position and orientation.
The greatest temperature change (�2.0°C) occurred
with the grid arranged horizontally near the gel surface
(see Fig. 2; Table 4). The corner of the grid electrode was
the site of greatest temperature change. Interestingly
the temperature change measured at the depth elec-
trode also changed with grid position highlighting that
there was an interaction that alters with implant posi-
tion. We note that these experiments were performed
with the electrodes tails shorted where variability in the
results was found due to the exact manner in which the
electrode tails were shorted. The maximum recorded
temperature change in any of the positions was not
greater than that measured previously.

DISCUSSION

It is well established that exposure of electrodes and
leads to the RF electromagnetic field in MRI can give
rise to a concentration of the electric field in surround-
ing conductive tissue (19). This results in a locally ele-
vated specific absorption rate (SAR) which may cause
locally increased RF-induced heating. Therefore, simi-
lar to the cases of scalp EEG (1) and deep-brain stim-
ulation (DBS) electrodes (2,3,16,20–22), the limiting of
RF-induced heating to acceptable levels is of primary
concern. Our study, therefore, addressed MRI safety
only with respect to the RF-induced heating associated
with these particular electrode types.

RF-Related Guidelines, Limits, and Device
Labeling

Current international guidelines (23) recommend that
MRI-induced heating should not cause temperature in

the head to exceed 38°C, suggesting an allowable in-
crease of �1°C. The guidelines also specify MRI SAR
limits intended to restrict tissue temperature increases
to within these levels, which only apply in implant-free
patients. SAR limits are specified in addition to temper-
ature increase limits due to the practical difficulties
associated with accurate determination or prediction of
local tissue temperature increases in vivo. The head-
average SAR limits are 3.2 W/Kg for a 6-min exposure
period (23) or 3 W/Kg for a 5-min exposure period (FDA)
(6). The local SAR should not exceed 10 W/Kg averaged
over 10 g of tissue (IEC) (23) or 8 W/Kg over 1 g of tissue
(FDA) (6). The manufacturer of the electrodes used in
this work (Ad-Tech Medical) does not have, or claim
FDA approved MR-Conditional status for these prod-
ucts, or European certification for safe use with MRI.
However (otherwise unpublished) test results for these
products are reported in a statement provided by the
company (9) suggesting that MRI may be safe under
certain specific conditions, including the recommenda-
tion that the electrode tails are separated to ensure
electrical isolation.

SAR as a Dosimeter When Implants Are Present

Commercial MRI systems report local maximum, head-,
and or body-average SAR estimates for all acquisition
sequences based either on theoretical calculation, or
measurements of the total RF power absorbed by the
subject. The purpose of these estimates is to ensure
that the RF power deposition during clinical MRI exam-
inations of implant-free patients lies within the safe
limits. In general they represent an upper bound and
have been found in some cases to overestimate the true
volume-average power deposition by an unknown fac-
tor (24), whereas local values may be underestimated
(25). The exact methods for estimating and reporting
SAR values may vary between different models and
manufacturers of MRI equipment. Therefore, absolute
relationships between scanner-reported SAR and tis-
sue temperature elevation are not directly transferable
between MRI systems or between the same system run-
ning different software versions (26,27). Additionally,
operator-entered parameters such as patient weight
and system-determined parameters such as coil input
power can affect the reported SAR for a specific scanner
model and software (1,26). Hence, when determining
SAR-based safety limits the uncertainty in the scanner
reported volume average SAR should be considered.

Despite the above-mentioned limitations of scanner-
reported SAR as a dosimeter, it is nonetheless currently
the only available appropriate index (28) to determine
the types of MRI protocol that carry acceptable risk and
to guide local safety assessments. We have, therefore,
followed this convention but with the caveat that the
results obtained in this study are only directly relevant
to the scanners and software versions tested: transla-
tion to other scanners or software versions will require
cross-platform validation.

The effect of elongated conducting implants within
the RF field of the MRI system is to concentrate the
electric RF field at certain locations proximal to the
implant causing the local tissue power deposition to

Table 3
Maximum Temperature Changes for Different Landmark Positions
Using the Body Coil / 3T Siemens System

Table
position

(mm)

�T °C
SAR

(W/Kg)

Depth (1) Depth (2) Ambient Grid head/body

100 0.6 0.7 0.2 0.9 1.2 / 0.5
-100 0.3 0.4 0.1 0.7 1.4 / 0.9

0 0.3 0.4 0.2 0.6 1.2 / 0.5

Table 4
Maximum Temperature Changes for Different Grid Positions
Within the Phantom Using the Head Coil / 3T Siemens System

Grid
position

�T °C

Depth
(contact #1)

Grid
(contact #1)

Grid
(contact #20)

Grid
(contact #48)

a 0.4 0.2 0.2 0.4
b 0.4 0.3 0.3 0.7
c 0.3 0.4 0.2 0.5
d 0.7 0.7 0.5 2.0
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increase. The assumptions used to model local SAR by
the scanner software are not valid when an implant is
present, for example, scanner-reported head-average
and local SARs, which would be safe for nonimplant
patients, may nevertheless cause thermal injury in the
presence of intracranial electrodes, with the local SAR
estimate from the scanner, therefore, inaccurate.
Hence, the volume average SAR must be limited to pre-
vent local heating exceeding guideline levels.

Many in vitro implant studies have shown that tem-
perature increases linearly with scanner-reported vol-
ume average SAR (2,26,29) and crucially the intra-
scanner reported SAR values produce temperature
rises according to a consistent linear relationship for
different pulse sequences and parameters with high
reliability (26) given an equivalent scan duration.
Therefore, it is rational to specify a maximum safe scan-
ner-reported SAR level for imaging these patients, un-
derstanding that the recommended maximum value
applies only to the specific equipment and range of
circumstances tested.

In light of the above, we used the established meth-
odology of measuring local in vitro temperature
changes using MR sequences with scanner-reported
SARs approaching the IEC limits (3.2 W/Kg head SAR,
averaged over 6 min) (23) and exceeding the long dura-
tion uncontrolled limit (2 W/Kg, head average, �30
min) (30) normally adhered to locally for clinical neuro-
imaging. Our measurements were performed on three
different MRI instruments, and with different RF-trans-
mit–receive coil arrangements to derive general safety
principles and, as appropriate, some MRI equipment-
specific SAR limits using the established intra-scanner
relationship between SAR and local temperature
changes.

1.5T GE System With Head-transmit Coil

Measurement Reproducibility

Maximum �T were highly reproducible with the elec-
trode tails separated (see Table 1). The last two mea-
surements in this table were obtained over a year from
the first three requiring complete repositioning of the
electrodes, temperature probe locations, and new gel.
Thus confirming that with the electrodes separated as
in Figure 1c, the temperature changes were consistent
and predictable to within the accuracy of the tempera-
ture measurement probes and background tempera-
ture fluctuations.

Reproducibility was not as high in the “fault condi-
tion,” suggesting that the exact way that the tails are
bundled together introduces significant variance by al-
tering both the degree of contact made between elec-
trodes and the area of conducting loops thus created.
Of interest, in two measurements with the electrode
tails shorted (e.g., Fig. 4a) there was a period during
scanning when the rate of temperature increase
changed, suggesting a change in the electrical proper-
ties of the configuration. We postulate that vibration-
induced changes in the inter-electrode tail contact
configuration in the short-circuit condition were re-
sponsible. This was confirmed by re-running the exper-
iment and altering how the electrode tails were in con-

tact by squeezing them together during a scan, at which
time a step change in the rate of temperature increase
was recorded.

These observations show that with a careful and con-
sistent arrangement of the electrode tails such that they
are not in electrical contact with each other, and are
positioned away from the end rings of the RF coil (Fig.
1c), the temperature changes are highly reproducible.

Head Coil

With the electrodes and leads arranged consistently
with the manufacturer’s recommendation, that is, with
the tails physically separated we did not observe heat-
ing above the guideline level confirming that this ar-
rangement is safe under these specific conditions (GE
1.5T Signa 9.1lx MRI system with head-transmit–re-
ceive coil and the electrode tails separated). However,
other configurations led to temperature increases
which exceed safety limits: Electrically short-circuiting
the electrode tail terminations produced greater tem-
perature increases, up to �3.0°C for the depth electrode
in the fourth reproducibility measurement. Conversely,
shorting opposing contra lateral depth electrode con-
tacts within the gel did not significant alter �T at 1.5T,
which is attributable to the electrodes being effectively
connected through the tissue simulating gel even when
not in direct physical contact.

The subdural grid electrodes demonstrated �T of up
to �0.7°C even in the open-circuit tail configuration
suggesting that they are more strongly coupled to the
RF field during “standard operation,” and, therefore,
with a head-transmit RF coil, they present the greatest
risk of excessive heating.

Whereas the overall temperature increases observed
at 1.5T may be considered modest, it remains prudent
to minimize the risk of excessive heating beyond safety
guidelines due to unforeseen experimental circum-
stances by restricting the scanner-reported SAR of the
MRI sequences used, by using a head-transmit coil
only, and by rigorously maintaining the separation of
the electrode tails as in Figure 1c.

3T Imaging: GE 3T Signa Excite

Head Coil

Although overall heating was greater for the 3T GE
scanner than for the 1.5T GE system, the pattern was
very similar, with the greatest �T occurring with the
tails shorted. In a pilot study with this “fault” condition,
where a higher SAR sequence (3.8 W/Kg coil average)
was used, heating to �6.9°C was recorded. It is, there-
fore, clear that without proper precautions potentially
injurious �T may occur. In the open-circuit tail config-
uration, the grid electrode was again the site of greatest
�T (�2.0°C). With this scanner it was possible to elicit
�T above the guidelines with both electrode tail config-
urations: to ensure patient safety in this case scanner-
reported SAR should be limited to significantly less
than 2.5 W/kg head-average.
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3T Imaging: Siemens 3T TIM Trio

Head Coil

Temperature increases were less than for the 3T GE
system but again the pattern was similar, with the
greatest �T, sufficient to exceed safety guidelines, oc-
curring with the tails shorted. The grid electrode was
again the site of greatest temperature increase (�0.9°C)
with the open circuit tail configuration.

Whereas the overall temperature increases observed
with this scanner may also be considered modest in the
specific case of using a head-transmit coil, the risk of
tissue heating beyond safety guidelines due to unantic-
ipated events may again be reduced by minimizing SAR
and maintaining the electrical isolation of the electrode
tails.

Body Coil

For the Siemens 3T body-transmit coil, the greatest �T
(�6.4°C) occurred at the grid electrode when the elec-
trode tails were separated, that is, under standard op-
erating conditions. This level of heating far exceeds
guidelines and approaches the level at which perma-
nent tissue-damage could occur rapidly. Furthermore,
with this coil it would be theoretically possible to pre-
scribe scans with significantly greater SAR causing
even higher �T. Markedly lower temperature increases
(�0.7°C) were observed at the depth electrode, but
again this was obtained with the electrode tails sepa-
rated. Shorting the electrodes tails resulted in lower �T
at all measurement points.

These results suggest that when the entire length of
the electrodes (including the tails) lies within the RF
field, as occurs when using the body-transmit coil, in-
teractions resulting in greater heating may occur. This
is possibly due to a larger effective cross-sectional area
of the circuit exposed to the body coil’s RF field in the
open circuit compared with that with the shorted-tail
configuration. Also, due to the geometry of the head
receive-only coil (Fig. 1e) used in this case, the open-
circuit tail arrangement was slightly altered in compar-
ison with the head-transmit coil experiments (Fig. 1e),
possibly causing stronger coupling to the body coil’s
electric field. While the smaller �T seen with the elec-
trodes electrically shorted might seem to suggest that it
is possible to safely image these implanted patients
with the body-transmit coil with such a configuration,
we note the following: the variability of the �T obtained
with the tails shorted was high and in some measure-
ments the exact degree of contact between electrode
tails appeared critical; variability in landmark position
can lead to different heating with this arrangement (see
below); and due to the creation of a low-impedance
conducting loop, the opportunity for gradient induced
tissue stimulation or necrosis may arise. Hence, in
practice we do not recommend that the tails are shorted
together. Further experiments would be required to as-
sess whether safety could be improved by reducing the
exposed circuit area (i.e., by twisting the electrode tails
together while maintaining electrical isolation of the
terminations). In conclusion, the use of body RF-trans-
mit coils presents a significant risk of injury and is not
advised.

Effect of Scanner Landmark Position

With the body-transmit coil, the dependence of �T upon
landmark position (Table 3) suggested that, due to spa-
tial variations in the RF-field, the exact temperature
increase may change. Additionally, the patient position
relative to the body RF coil produced significant differ-
ences in scanner estimated SAR (with an increase in
head/body SAR from 1.2/0.5 W/Kg for landmarks at 0
and �100 mm to 1.4/0.9 W/Kg at the �100 mm posi-
tion). The temperature increases did not change pro-
portionally to these SAR differences. It is clear from the
limited measurements obtained at different landmark
positions that the use of a body-transmit coil intro-
duces considerable extra uncertainty in the scanner-
reported SAR and resulting �T for a particular pulse
sequence. This effect does not arise when head-trans-
mit RF coils are used because in this case the patient
position relative to the coil is fixed. For this reason the
use of head-transmit coils is recommended.

Effect of Grid Implant Position

Changing the position of the grid within the phantom
had a significant effect on �T: a fivefold increase in
heating was recorded with the grid in a superficial po-
sition in the coronal plane compared with the other,
sagittal orientations tested. This suggested that signif-
icant variations in heating can occur as a function of
implant position and, or, orientation. The overall tem-
perature changes in both cases remained modest (max-
imum �2.0°C) in these experiments with shorted elec-
trode tails. However, our observations support the
argument that either detailed, implant-arrangement
specific tests are required, or that a suitable safety
margin to account for electrode-orientation dependent
variations should be factored in when local safe upper-
SAR limits are defined.

Experimental Considerations

Our measurements broadly follow the principles of
ASTM F 2182-02a (31), a standard for testing MRI-
induced temperature increases near passive implants,
which has also been used for similar testing of elon-
gated implants leading to FDA certification (28). How-
ever, the distribution of the electric and magnetic fields
within our phantom may not accurately represent the
exact field distribution found within a human body
comprised of numerous tissue compartments with dif-
fering electrical properties. This makes representations
of absolute “worst case” or “typical” implant positioning
difficult (24,32); furthermore, the MRI-implant interac-
tions for a particular electrode configuration may vary
with scanner, coil and field strength (24). Despite these
potential limitations, we followed the best available
published methodology for testing elongated implants
by using a clinically relevant arrangement, and then
sought to test the variability in these measurements
(28) due to altered electrode tail arrangements, altered
grid–electrode position within the phantom and differ-
ent scanner and coil combinations.

We believe our experimental parameters were such as
to provide realistic upper limits for �T: The gel phantom
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is a conservative model for tissue heating; it is expected
that �Ts would be smaller in vivo, because brain tem-
perature is cooled by perfusion (33,34); a large number
of electrodes were tested simultaneously to increase the
possibility of resonant loop and/or antenna formation;
the electrode tails were shorted to test a “fault condi-
tion” where conductive loops are formed; a pulse se-
quence was chosen to provide a head-average SAR close
to the statutory limits.

The EEG electrodes were arranged in a configuration
typical of surgical procedures performed at our institu-
tion. The potential for underestimation of �T due to
experimental error was investigated by performing sev-
eral experiments: a repeated measurement without
moving the implant position; a repeated measurement
while moving the electrode grid; changing landmark
position (testing altered position within the body coil).
We have shown that moving the electrode grid within
the test object, and variations in landmark position, did
indeed cause changes in �T. Experimenters should be
aware that such changes may easily arise as a result of
variations in implant positioning between individual
patients, or deviations from a standard supine patient
position relative to the scanner bore.

Potential inaccuracies exist in studies of this type
relating to the precise positioning of the temperature-
sensing optical-fiber tips (35). We positioned tempera-
ture probes in a transverse configuration relative to the
electrode contacts (Fig. 1), a placement method which
gave the highest peak temperature change for pace-
maker electrodes (35). Repeated measurements then
confirmed that provided the electrode tails were sepa-
rated the observed �T were highly reproducible. The
main source of variability was found to be due largely to
small changes in the degree of electrical contact be-
tween the shorted tail terminations.

For the depth electrodes, maximum �Ts were similar
at the tip and fourth electrode contact in most experi-
ments with greater variance between the positions
when the electrodes were shorted. This finding suggests
that significant �Ts are not restricted to the tip elec-
trode contact as might be suggested by simple models
(17,18). Pilot studies demonstrated that little heating
was observed in the gel adjacent to the wire exit points
and that the strip electrode behaved very similarly to
the depth electrodes. Whereas we believe that the �Ts
we report are representative, measurement locations
were chosen on the basis of these pilot experiments and
preliminary modeling results (unpublished observa-
tion), we cannot exclude the possibility that greater
heating may have occurred at electrode positions we
were unable to monitor.

The heating in excess of safety guidelines reported
here was produced using a high SAR FSE sequence
prescribed specifically to obtain large �T. Such se-
quences, used here for experimental purposes, should
not be used to image patients with these implants. A
6-min imaging sequence was chosen because it pro-
vides sufficient time to acquire most standard struc-
tural imaging data sets and corresponds to the duration
of the IEC SAR limit (23). Although the largest rate of
temperature change occurs within the first minute of
scanning, longer duration sequences may cause greater

temperature increases and hence require further eval-
uation. Furthermore, a “fault condition” with the elec-
trode tails being shorted was used to try to obtain an
upper limit for the range of likely �T. Despite our ob-
servation of reduced heating in one body coil experi-
ment with such an arrangement, we suggest that, in
accordance with the manufacturer’s recommendations,
this configuration should be avoided in vivo; the forma-
tion of electrically conductive loops is known to pose a
safety risk (1,19).

Our results are consistent with those obtained previ-
ously: MRI with a single depth electrode resulted in
little measurable heating at 3T (7,9,11), as we found for
our most similar arrangement, that is, �T at the depth
electrode with the open-circuit tail termination and the
head-transmit coil. We note that with more than one
electrode present, conditions can exist which dramati-
cally alter heating (e.g., shorted tails). Previous testing
of grid electrodes also resulted in little heating (4), in
this case with the grid electrode tails looped and en-
tirely implanted within gel. We note that, although the
latter arrangement may seem to maximize loop area
exposed to the RF field, it results in a change in the
resonant electrical length, and, therefore, may signifi-
cantly alter frequency-dependent RF interaction rela-
tive to the in vivo situation.

Defining Safe Protocols

For the practical purpose of defining an imaging proto-
col on a specific scanner we locally determine an SAR
limit based on the expected temperature changes for
specific implantation configuration (see the SAR as a
Dosimeter When Implants Are Present section). We in-
clude a fivefold safety margin to account for intra-scan-
ner dependent variability in SAR estimation from pa-
tient dependent variations in implant position, patient
weight, patient position and tissue distribution. This
suggests that the expected temperature increase
should not exceed �0.2°C at any location in our exper-
iments. In the “fault condition” the maximum heating
should also be limited to �1°C and the most conserva-
tive SAR value used. Taking the example of the experi-
ment performed in this work using the 1.5T GE system,
with the head-transmit coil where a maximum temper-
ature increase of �0.7°C was recorded with a 2.4 W/Kg
sequence in the “standard” condition (i.e., the elec-
trodes tails separated and arranged as in Fig. 1c), we
would recommend limiting the SAR to 0.7 W/Kg (head
average, 6 min average).

Generalization of these results to other MRI equip-
ment will require further system-specific experiments.
We reiterate that SAR limits for safe MRI in the presence
of intracranial electrodes cannot be easily generalized
across MRI scanners without careful cross-scanner cal-
ibration (26,27). In particular, we note that even if cal-
orimetric measurements were performed to cross-cali-
brate scanner-reported average SAR between systems,
then hardware-dependent variations in RF-field inter-
actions might still cause significant differences in the
resulting temperature increases. A local safety assess-
ment and strict adherence to a fixed experimental pro-
tocol is, therefore, essential if MRI is to be performed
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safely in subjects with implants such as those required
for intracranial EEG recording.

In particular we recommend that only head-transmit
RF coils are used, that electrode tails are carefully iso-
lated, arranged in a consistent position that has been
tested and that local scanner-, software-, and RF coil-
specific head-average SAR limits are determined and
strictly followed. A conservative margin of safety to ac-
count for any experimental uncertainty such as the
accuracy of temperature measurement and inter-pa-
tient variations in EEG-electrode placement and scan-
ner reported SAR is prudent.

In conclusion, in the absence of proper safety precau-
tions, MRI for localizing intra-cranial EEG electrodes
poses a significant risk RF-induced thermal injury.
However, such procedures can be performed safely at
both 1.5T and 3T providing a head-transmit coil is
used, electrode tails are separated and appropriate ex-
perimentally determined SAR limits are observed.

We emphasize that, while we believe our measure-
ments are representative of our local surgical and im-
aging practices, any changes in the electrode implanta-
tion configuration (e.g., different lead geometry or
implant type), or changes in the subject’s exact position
within the scanner may result in different heating pat-
terns. Therefore, arrangements which substantially dif-
fer from these may require further specific safety inves-
tigation, as may modifications of the imaging protocol,
such as a increasing the scan duration or number of
slices. In any case, when setting local SAR limits, it is
prudent to allow a conservative safety margin to avoid
inter-patient variations in EEG-electrode placement,
scan prescriptions or RF coil loading causing excessive
tissue heating.

ACKNOWLEDGMENTS

We are grateful to the Big Lottery fund, Wolfson Trust,
and the National Society for Epilepsy for supporting the
NSE MRI scanner. This work was undertaken at UCLH/
UCL who received a proportion of funding from the
Department of Health’s NIHR Biomedical Research
Centres funding scheme. We would also like to thank
Catherine Scott (National Hospital for Neurology and
Neurosurgery, London), Anthony Pullen, John Wyatt,
Mark Symms, Rebecca Samson (University College
London) and Lisa Theama (AD-Tech Medical) for their
technical assistance and loans of facilities and equip-
ment and Helmut Laufs, Khalid Hamandi and Anna
Vaudano for their support.

REFERENCES

1. Lemieux L, Allen PJ, Franconi F, Symms MR, Fish DR. Recording of
EEG during fMRI experiments: patient safety. Magn Reson Med
1997;38:943–952.

2. Georgi JC, Stippich C, Tronnier VM, Heiland S. Active deep brain
stimulation during MRI: a feasibility study. Magn Reson Med 2004;
51:380–388.

3. Carmichael DW, Pinto S, Limousin-Dowsey P, et al. Functional MRI
with active, fully implanted, deep brain stimulation systems: safety
and experimental confounds. Neuroimage 2007;37:508–517.

4. Kanal E, Meltzer CC, Adelson PD, Scheuer MP. Platinum subdural
grid: MR imaging compatibility testing. Radiology 1999;211:886–
888.

5. Zhang J, Wilson CL, Levesque MF, Behnke EJ, Lufkin RB. Temper-
ature changes in nickel-chromium intracranial depth electrodes.
AJR Am J Neuroradiol 1993;14:497–500.

6. Shellock FG. Reference manual for magnetic resonance safety, im-
plants, and devices: 2004 edition. Los Angeles: Biomedical Refer-
ence Publishing Group; 2004. p 378.

7. Boucousis SM, Federico P, Goodyear BG. Intracranial EEG in a
high-field MRI environment: safety evaluation. In: Proceedings of
the ISMRM Workshop, McLean, Virginia, USA. (poster 2055).

8. Baker KB, Nyenhuis JA, Hrdlicka G, Rezai AR, Tkach JA, Shellock
FG. Neurostimulation systems: assessment of magnetic field inter-
actions associated with 1.5- and 3-T MR systems. J Magn Reson
Imaging 2005;21:72–77.

9. MR Conditional Statement. Ad-Tech depth electrodes. Racine, WI:
Ad-Tech Medical Instrument Corporation; March 1, 2006.

10. Carmichael DW, Thornton JS, Allen PJ, Lemieux L. Safety of
localising intracranial EEG electrodes using MRI. In: Proceed-
ings of the 15th Annual Meeting of ISMRM, Berlin, Germany.
(abstract 1073).

11. Boucousis SM, Cunningham CJ, Goodyear BG, Federico P. Safety
and feasibility of using implanted depth electrodes for intracranial
EEG-fMRI at 3 Tesla. In: Proceedings of the 15th Annual Meeting of
ISMRM, Berlin, Germany. (abstract 1081).

12. Duckwiler GR, Levesque M, Wilson CL, Behnke E, Babb TL, Lufkin
R. Imaging of MR-compatible intracerebral depth electrodes. AJR
Am J Neuroradiol 1990;11:353–354.

13. Davis LM, Spencer DD, Spencer SS, Bronen RA. MR imaging of
implanted depth and subdural electrodes: is it safe? Epilepsy Res
1999;35:95–98.

14. Brooks ML, O’Connor MJ, Sperling MR, Mayer DP. Magnetic reso-
nance imaging in localization of EEG depth electrodes for seizure
monitoring. Epilepsia 1992;33:888–891.

15. Park SM, Nyenhuis JA, Smith CD, et al. Gelled verses nongelled
phantom material for measurements of MRI-induced tempera-
ture increases with bioimplants. IEEE Trans Magn 2003;39:
3367–3371.

16. Finelli DA, Rezai AR, Ruggieri P, et al. MR-related heating of deep
brain stimulation electrodes: an in vitro study of clinical imaging
sequences. AJR Am J Neuroradiol 2002;23:1795–1802.

17. Achenbach S, Moshage W, Diem B, Bieberle T, Schibgilla V, Bach-
mann K. Effects of magnetic resonance imaging on cardiac pace-
makers and electrodes. Am Heart J 1997;134:467–473.

18. Pictet, Meuli R, Wicky S, van der Klink JJ. Radiofrequency heating
effects around resonant lengths of wire in MRI. Phys Med Biol
2002;47:2973–2985.

19. Dempsey MF, Condon B. Thermal injuries associated with MRI.
Clin Radiol 2001;56:457–465.

10. Rezai AR, Lozano AM, Crawley AP, et al. Thalamic stimulation and
functional magnetic resonance imaging: localization of cortical and
subcortical activation with implanted electrodes. J Neurosurg
1999;90:583–590.

21. Rezai AR, Finelli D, Nyenhuis JA, et al. Neurostimulation systems
for deep brain stimulation: in vitro evaluation of magnetic reso-
nance imaging-related heating at 1.5 T. J Magn Reson Imaging
2002;15:241–250.

22. Rezai AR, Baker KB, Tkach JA, et al. Is magnetic resonance imag-
ing safe for patients with neurostimulation systems used for deep
brain stimulation? Neurosurgery 2005;57:1056–1062.

23. International Electrotechnical Commission (IEC). Medical electri-
cal equipment - particular requirements for the safety of magnetic
resonance equipment for medical diagnosis. Geneva: IEC 60601-
2-33, 1995 revised 2002.

24. Kainz W. MR heating tests of MR critical implants. J Magn Reson
Imaging 2007;26:450–451.

25. Collins CM, Liu W, Wang J, et al. Temperature and SAR calcula-
tions for a human head within volume and surface coils at 64 and
300 MHz. J Magn Reson Imaging 2004;19:650–656.

26. Baker KB, Tkach JA, Nyenhuis JA, et al. Evaluation of specific
absorption rate as a dosimeter of MRI-related implant heating. J
Magn Reson Imaging 2004;20:315–320.

27. Baker KB, Tkach JA, Phillips MD, Rezai AR. Variability in RF-
induced heating of a deep brain stimulation implant across MR
systems. J Magn Reson Imaging 2006;24:1236–1242.

MRI Heating of Intracranial EEG Electrodes 1243



28. Shellock FG. Comments on MR heating tests of critical implants. J
Magn Reson Imaging 2007;26:1182–1185.

29. Bhidayasiri R, Bronstein JM, Sinha S, et al. Bilateral neurostimu-
lation systems used for deep brain stimulation: in vitro study of
MRI-related heating at 1.5 T and implications for clinical imaging of
the brain. Magn Reson Imaging 2005;23:549–555.

30. Medical Devices Agency (MDA now MRHA). Guidelines for magnetic
resonance equipment in clinical use. London: MRHA; 2002.

31. ASTM F 2182-02a. Standard test method for measurement of radio
frequency induced heating near passive implants during magnetic
resonance imaging. ASTM Committee F04 on Medical and Surgical
Materials and Devices, Subcommittee F04.15 on Material Test
Methods. West Conshohocken, PA: ASTM International; 2007.

32. Triventi M, Mattei E, Calcagnini G, et al. Magnetic-resonance-in-
duced heating of implantable leads. Ann Ist Super Sanita 2007;43:
229–240.

33. Salcman M, Moriyama E, Elsner HJ, et al. Cerebral blood flow and
the thermal properties of the brain: a preliminary analysis. J Neu-
rosurg 1989;70:592–598.

34. Collins CM, Smith MB, Turner R, Model of local temperature
changes in brain upon functional activation. J Appl Physiol 2004;
97:2051–2055.

35. Mattei E, Triventi M, Calcagnini G, et al. Temperature and SAR
measurement errors in the evaluation of metallic linear structures
heating during MRI using fluoroptic probes. Phys Med Biol 2007;
52:1633–1646.

1244 Carmichael et al.


