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Abstract

Magnetic resonance imaging (MRI) is a commonly used and
important imaging modality to evaluate lead location and
rule out complications after deep brain stimulation (DBS)
surgery. Recent safety concerns have prompted new safety
recommendations for the use of MRI in these patients, in-
cluding a new recommendation to limit the specific absorp-
tion rate (SAR) of the MRI sequences used to less than 0.1
W/kg. Following SAR recommendations in real-world situa-
tions is problematic for a variety of reasons. We review our
experience scanning patients with implanted DBS systems
over a 7-year period using a variety of scanning techniques
and four scanning platforms. 405 patients with 746 implant-
ed DBS systems were imaged using 1.5-tesla MRI with an SAR
of up to 3 W/kg. Many of the DBS systems were imaged mul-
tiple times, for a total of 1,071 MRI events in this group of
patients with no adverse events. This series strongly sug-
gests that the 0.1 W/kg recommendation for SAR may be un-
necessarily low for the prevention of MRI-related adverse

events. Copyright © 2007 S. Karger AG, Basel

Introduction

Postoperative magnetic resonance imaging (MRI) fol-
lowing deep brain stimulation (DBS) surgery is used by
many centers to determine lead location relative to the
desired brain target and rule out surgical complications
such as intracranial hemorrhage [1-9]. Knowledge of ap-
propriate lead location is important in predicting patient
outcome and facilitates DBS programming. The immedi-
ate feedback that postoperative imaging provides is also
critically important for quality assurance, as it allows
members of the implanting team involved in microelec-
trode recording, macrostimulation or other methods of
physiological mapping to interpret their intraoperative
findings and correlate them with the final electrode
placement. Recent safety concerns following two report-
ed cases of patient injury, presumably due to heating of
implanted DBS components during MRI, have prompted
the company who manufactures the only FDA-approved
DBS system to release updated guidelines for MRI of
their devices [10-12]. These include a new recommenda-
tion to use sequences that limit the applied head specific
absorption rate (SAR) to 0.1 W/kg. The new recommen-
dation for SAR represents a reduction from the previous-
ly recommended 0.4 W/kg, which was already well below
the permitted whole-body SAR limit of 4 W/kg for pa-
tients without these devices [12].
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Following SAR recommendations in real-world situ-
ations is problematic for a variety of reasons, including
varying definitions of SAR across different MRI plat-
forms and the fact that MRI protocols that optimally im-
age DBS leads and subcortical structures tend to have
much higher SARs than current recommendations al-
low. We present our group’s experience with imaging
over 700 implanted DBS leads using multiple 1.5-tesla
MRI platforms and varying techniques over a 7-year pe-
riod.

Materials and Methods

A retrospective review of a secure database containing a por-
tion of patients implanted in our program from 1999 to March
2006 was performed. Implantations were performed by two sur-
geons (P.S.L., P.A.S.) at the University of California San Francisco
Medical Center and the San Francisco VA Medical Center. Data
concerning surgical target, number and sequence of lead implan-
tation (unilateral, staged bilateral, simultaneous bilateral) and
pulse generator (IPG) type were obtained. Imaging was per-
formed on 4 1.5-tesla MRI scanners at two hospitals: Siemens
Magnetom Vision, Siemens Magnetom Symphony, Philips Intera
and General Electric Horizon (Siemens AG, Munich, Germany;
Philips Medical Systems, Best, The Netherlands; General Electric
Medical Systems, Milwaukee, Wisc., USA). All scanners under-
went numerous system upgrades during the time period of this
review. MRI was used exclusively for both preoperative targeting
and postoperative scanning in all patients. Postoperative imaging
was generally obtained immediately after surgery, or in some cas-
es on the following day. Image sequences specified by our group
were performed in all patients, with some postoperative scans in-
cluding additional sequences if deemed necessary by the implant-
ing surgeon or radiology staff.

Because many DBS components were scanned multiple times,
it was necessary to define an ‘MRI event’. An MRI event was de-
fined as a complete, fully internalized DBS system (one lead con-
nected to a pulse generator) undergoing a unique MRI session.
Each MRI event consisted of at least two sequence acquisitions.
Sequences were repeated if the images were degraded by patient
motion. Our practice is to implant the brain electrode and pulse
generator on the same day. Accordingly, for staged bilateral im-
plantations, the first complete DBS system implanted was count-
ed as undergoing multiple MRI events: postoperatively after first-
side implantation, preoperatively for targeting of the second side,
and postoperatively after second-side implantation (a total of 3
MRI events for that lead and pulse generator). Two leads con-
nected to a Medtronic Kinetra dual-channel pulse generator
(Medtronic Inc., Minneapolis, Minn., USA) were counted as two
separate systems undergoing two separate MRI events.

A search was made through our Philips scanner image ar-
chives to reconstruct the scanning conditions and SAR for a ran-
dom sampling of patients from our DBS database. SAR is a value
that is displayed on the MRI console at the time of scanning and
is not recorded in routine clinical practice. The exact calculation
of SAR can depend on the software version the scanner is running
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at the time and the radiofrequency (RF) coils being used [13]. On
GE and Siemens platforms, its calculation is also dependent on
the patient’s weight as entered by the technologist performing the
scan, and therefore is not readily available for retrospective anal-
ysis. However, the Philips platforms predict SAR independent of
patient weight, so for patients scanned on this machine retrospec-
tive data regarding coil type, sequences acquired, scan time and
SAR were available. Retrospective data were also available for 1
patient scanned on the Siemens platform.

Results

MRI events were confirmed in 405 patients with 746
implanted DBS systems. Implanted targets included the
thalamus, subthalamic nucleus, globus pallidus and the
hypothalamus. 100 leads were placed unilaterally, 265
were placed as staged bilateral implants, and 381 were
placed as simultaneous bilateral implants. Some patients
had more than 2 brain leads implanted. 739 of the leads
placed were Medtronic Model 3387, and 7 were ANS
Quattrode leads (Advanced Neuromodulation Systems,
Plano, Tex., USA). Lead extension lengths for the
Medtronic devices included 40-, 51- and 66-cm exten-
sions. Pulse generators implanted included Medtronic
Itrel I, Soletra and Kinetra models as well as 7 ANS Libra
models. There were 4 pulse generators placed in the abdo-
men; the remainder were placed in the chest just below
the clavicle. Preoperative imaging sequences consisted of
a minimum of whole-brain 3-dimensional gradient echo
acquisition as well as either T,-weighted fast spin echo
(FSE) or inversion recovery FSE imaging as a slab through
the target region. Postoperative imaging consisted of
whole-brain 3-dimensional gradient echo and axial T,-
weighted slab acquisitions. In addition, some patients re-
ceived other postoperative imaging sequences, including
diffusion-weighted imaging, fluid-attenuated inversion
recovery and MR angiography. Early in our series, our
practice was to optimize MRI sequences to obtain ade-
quate visualization of the DBS lead and the intended tar-
get with no regard to SAR whatsoever. Likewise, we ini-
tially did not specify the use of specific RF coil types. A
summary of the older imaging protocols for each of our
scanning platforms at the time is shown in table 1. Our
more recent imaging protocols with relatively lower SAR
sequences are outlined in table 2.

A total of 1,071 MRI events were identified in this
group of patients with no adverse events. All patients
were scanned with sequences having a SAR well in excess
of 0.1 W/kg, in most cases many times greater. The spe-
cific scan parameters and sequences obtained for a ran-
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Table 1. Initial MRI protocols used for preoperative and postoperative imaging at our center

MRI protocol Parameter 1.5-tesla MRI scanner (model)
General Electric (Horizon) Siemens (Vision) Philips (Intera)
T,-weighted FSE Field of view 260 mm 260 mm 260 mm
Matrix 384 X 256 256 X 256 512 X 268
Slice thickness 2 mm 2 mm 2 mm
Number of slices 24 26 21
Interleaved yes yes yes
TR/TE/Alip angle 3,000 ms/87 ms/90° 2,500 ms/108 ms/90° 3,000 ms/90 ms/90°
Echo train length 10 9 16
Bandwidth 15.6 kHz 195 Hz/pixel 183 Hz/pixel
Signal averages 4 4 6
Scan time 10:48 9:08 8:42
Reported SAR varies by patient weight varies by patient weight 3.0 W/kg
3-Dimensional GRE Field of view 260 mm MPRAGE 260 mm 260 mm
Matrix 256 X 192 256 X 256 256 X 192
Slice thickness 1.5 mm 1.5 mm 1.5 mm
Number of slices 114 128 120
TR/TE/Mlip angle 36 ms/8 ms/35° 15 ms/4.4 ms/15° 20 ms/2.9 ms/30°
Bandwidth 15.6 kHz 130 Hz/pixel 259 Hz/pixel
Signal averages 0.75 1 1
Scan time 11:00 8:10 8:46
Reported SAR varies by patient weight varies by patient weight 0.6 W/kg
IR FSE Field of view NA 260 mm 260 mm
Matrix 256 x 230 512 X 256
Slice thickness 2 mm 2 mm
Number of slices 27 28
Interleaved yes yes
TR/TE/lip angle 3,000 ms/40 ms/90° 3,000 ms/40 ms/90°
Inversion time 200 ms 200 ms
Echo train length 9 5
Bandwidth 208 Hz/pixel 120 Hz/pixel
Signal averages 3 3
Scan time 11:53 11:48
Reported SAR varies by patient weight 1.4 W/kg

GRE = Gradient echo; IR = inversion recovery; TR = repetition time; TE = echo time; MPRAGE = magnetization-prepared rapid

gradient echo.

dom sample of 13 MRI events is shown in table 3. A com-
bination of body transmit/head receive and head trans-
mit/receive (T/R) coils were used, with SAR ranging from
0.1 to 3.0 W/kg. A representative postoperative scan using
our current imaging protocols is shown in figure 1. This
patient had cervical and truncal dystonia as well as spas-
modic dysphonia. The patient received simultaneous bi-
lateral subthalamic nucleus and globus pallidus DBS im-
plantations with 4 Medtronic 3387 leads and 2 Kinetra
pulse generators placed in the same setting. Pre- and
postoperative imaging was obtained with a Philips Intera
1.5T, running the Achieva release 1.5 software package
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and using a head T/R coil. The 3-dimensional T;-weight-
ed sequence head SAR was 0.3 W/kg. The T,-weighted
FSE sequence head SAR was 1.4 W/kg.

Discussion

In this study, we reviewed our experience with MRI of
over 700 DBS electrodes, using a variety of MRI scanners
and protocols, over a 7-year period. DBS has become a
widely accepted and adopted treatment modality for a
variety of disorders [14-23]. Many advocate postopera-
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Table 2. Current MRI protocols with relatively lower SAR used for preoperative and postoperative imaging at our center

MRI protocol Parameter 1.5-tesla MRI scanner (model)
General Electric (Signa) Siemens (Symphony) Philips (Achieva)
T,-weighted FSE Field of view 260 mm 260 mm 260 mm
Matrix 384 X 224 256 X 256 384 X 262
Slice thickness 2 mm 2 mm 2 mm
Number of slices 24 26 21
Interleaved yes yes yes
TR/TE/lip angle 2,500 ms/90 ms/90° 2,500 ms/108 ms/90° 3,000 ms/90 ms/90°
Echo train length 10 9 16
Bandwidth 15.63 kHz 195 Hz/pixel 147 Hz/pixel
Signal averages 4 4 6
Scan time 8:10 9:47 8:42
Reported SAR 1.67 W/kg 1.4 W/kg 0.5 W/kg
(for a patient weight of 74.8 kg)  (for a patient weight of 74.8 kg)
3-Dimensional GRE  Field of view 260 mm MPRAGE 260 mm 260 mm
Matrix 256 X 160 256 X 256 192 X 192
Slice thickness 1.5 mm 1 mm 1.5 mm
Number of slices 114 128 120
TR/TE/Mlip angle 33 ms/3 ms/35° 1910 ms/10 ms/15° 20 ms/2.9 ms/35°
Bandwidth 15.63 kHz 130 Hz/pixel 259 Hz/pixel
Signal averages 0.75 1 1
Scan time 7:55 8:10 8:50
Reported SAR 0.50 W/kg 0.1 W/kg 0.3 W/kg
(for a patient weight of 74.8 kg)  (for a patient weight of 74.8 kg)
IR FSE Field of view NA 260 mm 260 mm
Matrix 256 X 230 304 X 228
Slice thickness 2 mm 2 mm
Number of slices 27 28
Interleaved yes yes
TR/TE/flip angle 3,000 ms/48 ms/90° 3,000 ms/40 ms/90°
Inversion time 200 ms 200 ms
Echo train length 9 5
Bandwidth 208 Hz/pixel 120 Hz/pixel
Signal averages 3 3
Scan time 11:53 11:54
Reported SAR 0.8 W/kg 0.8 W/kg

(for a patient weight of 74.8 kg)

GRE = Gradient echo; IR = inversion recovery; TR = repetition time; TE = echo time; MPRAGE = magnetization-prepared rapid
gradient echo. All protocols use head T/R coils. SAR for General Electric and Siemens platforms based on a patient weight of 74.8 kg.

tive imaging with either computerized tomography (CT)
or MRI to confirm lead location and to rule out compli-
cations such as hemorrhage. CT has the advantage of hav-
ing no potential interactions with the metallic compo-
nents of a DBS system, but offers no direct visualization
of the brain target due to poor tissue discrimination.
Postoperative CT must be fused with preoperative MRI
to provide any meaningful data regarding lead location,
a technique that is time consuming and can introduce er-
ror to this process [24-26].

MRI of Implanted DBS Systems

Implanted stimulation devices such as deep brain
stimulators, dorsal column stimulators and cardiac pace-
makers are potentially problematic when interacting with
RF energy in a magnetic field [27-30]. These devices typ-
ically consist of a long electrode that runs some distance
through the body from the pulse generator to the end or-
gan, often with random turns or loops along its length.
The RF pulses and magnetic gradient fields used during
MRI produce currents that can be conducted and focused
by these devices, with resultant heating at the stimulating
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Fig. 1. T,-weighted images from a patient with bilateral globus
pallidus interna and subthalamic nucleus electrodes. Images
shown are directly from the MRI scanner and not reformatted to
be parallel to the intercommissural (AC-PC) plane; there is some
asymmetry with the left side of the brain slightly higher than the
right. The slice close to the AC-PC plane shows lateral leads rela-
tive to the globus pallidus (a), and the slice approximately 4 mm
below the AC-PC plane shows medial leads relative to the subtha-
lamic nucleus (b).

surfaces of the electrode [31-34]. Heating of the stimulat-
ing surfaces in a cardiac pacemaker can cause local deg-
radation of tissue contact that can reduce the effective-
ness of the device, but this phenomenon is particularly
worrisome for devices placed in the brain, as excessive
tissue heating is associated with permanent damage (35,
36]. Temperature changes in the range of 5-7°C are as-
sociated with reversible lesions, while temperature eleva-
tions of 8°C or more are believed to cause irreversible
thermal injury [31, 37]. In addition, the pulse generators
of stimulating devices can be switched on and off repeat-
edly during MRI, causing unwanted, target-specific side
effects such as paresthesias in the case of DBS systems
implanted in the thalamus or subthalamic nucleus.

Manufacturer Guidelines

In recent years, Medtronic has evolved specific guide-
lines for the use of MRI in patients with implanted DBS
components. Those guidelines were most recently updat-
ed in November 2005 to include the following: (1) turn
the device off, with the amplitude set to zero and the
stimulator mode in bipolar, (2) use only horizontal bore
MRI systems operating at a static magnetic field of 1.5 T,
(3) use only a T/R head coil that does not extend over the
chest (IPG) area, (4) enter the correct patient weight into
the MRI console, (5) limit the gradient field to 20 T/s or
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less, and (6) use exam parameters that limit the displayed
average head SAR (or applied SAR if known) to 0.1 W/kg
or less for all RF pulse sequences. The last requirement
represents a decrease in SAR from the prior recommen-
dation of 0.4 W/kg [12, 38].

The concept of SAR was developed to provide a mea-
sure for the rate of RF energy absorption by the body and
was first proposed in 1979 by the National Council on
Radiation Protection and Measurements. At the time, the
agency was primarily concerned with exposure to radio
waves, which is the frequency range in which MRI sys-
tems operate. The aim of measuring SAR in MRI systems
is to limit the rise in tissue temperatures due to RF en-
ergy deposition, and mirrors restrictions that are placed
on other RF sources such as cell phones and radio towers.
It can be difficult to measure, however, so MRI manufac-
turers typically use proprietary ‘predictive models’ to as-
sure that the industry standards for allowable SAR are
not broken; they further employ variable safety margins
and frequently report their SAR values as ‘less than’ rath-
er than providing a specific value. The net effect is that
SAR is a rather poor index for predicting the potential for
localized heating near DBS leads, but it is the only mea-
sure currently available.

From a practical standpoint, following a recommen-
dation based on SAR is problematic for a variety of rea-
sons. SAR is a calculated estimate, not a measured value,
and therefore the SAR that is presented to the MRI tech-
nologist at the time of scanning is dependent on many
factors. The method of SAR calculation itself is not stan-
dardized and varies from scanner to scanner. Two identi-
cal model scanners from the same manufacturer can dif-
fer in their method of SAR calculation if the software
version they are running is different. In some scanners,
such as our GE and Siemens platforms, the SAR calcula-
tion is dependent on the MRI technologist entering the
patient’s body weight. This is often inaccurately recorded
in the chart, underestimated by the patient and/or poorly
estimated by the technologist, as was the case with pa-
tient 13 in table 3 (weight entered 104 kg, actual weight
132 kg). In some instances, the scanner will not proceed
with a particular sequence if the SAR exceeds a certain
level set by the scanner software. Some technologists will
intentionally enter an inaccurate body weight in such cir-
cumstances in order to allow scanning to proceed [Lar-
son, pers. commun.].

Reported Adverse Events
The issue of safety in patients undergoing MRI with
implanted DBS systems came to the forefront several
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Table 3. Scan conditions and SAR for a sample of MRI events

Patient Year  Implanted lead(s), IPG(s) Scanner Coils used Sequences Scan SAR
No. time W/kg
1 2001  Medtronic 3387, Soletra Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive IR TSE 11:54 1.6
2 2002  Medtronic 3387, Itrel I Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive IR TSE 11:54 1.6
3 2002 Medtronic 3387 X2, Soletra X2  Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive T,-weighted axial 8:42 3.0
diffusion 1:06 1.0
FLAIR 3:53 1.6
4 2003  Medtronic 3387 X2, Soletra X2  Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive 3D GRE! 8:50 0.6
T,-weighted axial 8:42 3.0
T,-weighted axial' 8:42 3.0
5 2004  Medtronic 3387 X2, Soletra X2  Philips body transmit, T,-weighted GRE 3:10 1.8
birdcage head receive 3D GRE 8:50 0.6
T,-weighted axial 8:42 3.0
T,-weighted axial! 8:42 3.0
6 2004  Medtronic 3387 X4, Soletra x4  Philips body transmit, 3D GRE 8:50 0.6
SENSE head receive T,-weighted axial 8:42 3.0
7 2004  Medtronic 3387, Soletra Philips body transmit, T,-weighted GRE 3:10 1.8
SENSE head receive 3D GRE 8:50 0.6
T,-weighted axial 8:42 3.0
8 2004  Medtronic 3387 X2, Soletra X2  Philips body transmit, T,-weighted sagittal ~ 2:30 1.0
birdcage head receive 3D GRE 8:50 0.6
T,-weighted axial 8:42 3.0
9 2005  Medtronic 3387 X2, Kinetra Philips body transmit, T,-weighted sagittal ~ 2:30 1.0
SENSE head receive 3D GRE 8:50 0.6
T,-weighted axial 8:42 3.0
10 2005  Medtronic 3387 X2, Soletra X2  Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive T,-weighted axial 8:42 3.0
11 2005  Medtronic 3387 X 2, Kinetra Philips body transmit, 3D GRE 8:50 0.6
birdcage head receive T,-weighted axial 8:42 3.0
T,-weighted axial! 8:42 3.0
12 2006  Medtronic 3387 X2, Kinetra Philips head T/R 3D GRE 8:50 0.3
T,-weighted axial 8:42 1.4
13 2006  ANS Quattrode X2, Libra X2 Siemens head T/R T -weighted 8:10 0.1
MPRAGE
T,-weighted axial 9:47 1.52

Philips scanner (patients 1-12) predicts SAR independent of patient weight, so SAR for a given sequence and coil arrangement
will be the same from patient to patient. Siemens scanner (patient 13) calculates SAR based on patient weight as entered by the MRI
technologist. GRE = Gradient echo; IR = inversion recovery; TSE = turbo spin echo; FLAIR = fluid-attenuated inversion recovery;

MPRAGE = magnetization-prepared rapid gradient echo.
! Sequence repeated due to motion.

2 Siemens scanner, patient weight entered by the technologist 104 kg, actual patient weight 132 kg.

years ago after two reports of serious injury during MRIL
The first case involved a patient with bilateral DBS leads
and Soletra pulse generators, one in the typical subcla-
vicular location on the right and the other in the abdom-
inal wall with a longer lead extension on the left. The pa-
tient had alumbar MRI scan usinga 1.0-tesla scanner and
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a whole-body RF coil. The patient emerged with altered
mental status, and subsequent CT and MRI of the brain
showed a 2- to 3-cm presumed thermocoagulation lesion
around the left brain lead with a small amount of associ-
ated hemorrhage. There was no injury associated with the
right-sided lead, which was connected to the IPG in the
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chest. The patient was left with permanent disability [10,
39]. The second case involved a patient with bilaterally
implanted DBS leads that were externalized. The patient
underwent cranial MRI using a head T/R coil, also in a
1.0-tesla scanner, with both leads fixed outside the coil in
a straight manner. The patient emerged with dystonic
and ballistic movements in the left leg, and although CT
imaging was inconclusive and the patient did not consent
to further MRI, an acute thermal injury of the right sub-
thalamic nucleus was presumed. The dystonic and bal-
listic left leg movements resolved by 17 months after the
incident [11].

Both of these cases represent a unique set of circum-
stances that likely contributed to or were the sole cause of
these adverse events. Both incidents occurred in 1.0-tesla
scanners which are uncommon, use a different RF wave-
length and whose field interactions with DBS systems are
not well characterized, although there is a recent report
of 1.0-tesla MRI being used for postoperative imaging in
DBS patients [40]. In our series, all patients were scanned
on 1.5-tesla platforms. The first case involved the use of
awhole-body RF coil for spine imaging and a patient with
an abdominally placed IPG. Earlier in our series, before
the potential dangers of using body coils were described,
we scanned many patients using body transmit/head re-
ceive coils without adverse events. Four patients in our
series were scanned with abdominally placed IPGs, al-
though we cannot retrospectively confirm what transmit
coils were used in those cases. In addition, at least 19
spine MRI scans (cervical and lumbar) were performed
for spine issues in our implanted DBS patients, also with-
out incident. The second case of patient injury involved
bilaterally externalized DBS leads; in our series, no pa-
tients were scanned with externalized leads.

Itisunclear if having the pulse generator amplitude set
to zero and having the stimulating mode set in a bipolar
configuration has any role in the generation of heating or
other adverse events. While it is our current practice to
turn the IPG off and set the amplitude to zero, we have
not routinely placed the stimulating mode to bipolar pri-
or to performing MRI. We have occasionally scanned pa-
tients with the IPG turned off but the amplitude still set
to therapeutic levels of stimulation; some of these patients
have reported transient paresthesias that would be con-
sistent with the IPG being switched on and off during
imaging. No long-term adverse effects have occurred in
these patients, and no damage or alteration in IPG func-
tion has been observed. All patients with implanted IPGs
should undergo interrogation of their devices following
MRI to confirm proper stimulation parameters.
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Phantom Model Imaging

Experimental testing has been performed by various
groups to examine the heating of DBS components in the
MRI environment. The results are quite variable and de-
pendent on numerous factors, such as the scanner con-
figuration (including field strength and RF wavelength),
placement of the DBS system with respect to the bore of
the MRI scanner and/or coils, coil selection, method and
location of temperature measurements, and pulse se-
quences used [13, 34, 41, 42]. Finelli et al. [31] performed
phantom studies of DBS electrodes examining the poten-
tial for heating at the electrode tip with a variety of clini-
cally used pulse sequences at 1.5 T. They found a linear
relationship between SAR and electrode heating, although
temperature elevations with local (head) SAR <2.4 W/kg
were less than 2°C, i.e. in the clinically tolerable range
[31]. This group also demonstrated that the method of
testing is important and can have a profound impact on
the heating seen at the electrode tip. The type of RF coil
used, for example, had a profound impact on electrode
heating. “Worst case’ scenarios using body T/R coils and
pulse sequences with SAR up to 3.9 W/kg lasting up to 15
min produced temperature changes at the electrode tip of
up to 23.5°C. By contrast, switching to the head only T/R
coil produced a maximum temperature change of 7.1°C
[27]. A more recent study examined the use of a head only
T/R coil in two different generation scanners from the
same manufacturer. Temperature changes were measured
and normalized to the head SAR values displayed by the
scanner console. A statistically significant 3.5- to 5.5-fold
difference was seen in the slope of normalized tempera-
ture change between the two scanners, indicating that
console-reported SAR itself is not a reliable index of heat-
ing for DBS leads [13]. Others have stated that using SAR
as a safety recommendation in the setting of an implanted
device is misleading and potentially dangerous [43].

Clinical Imaging

It is unfortunate that the imaging sequences that pro-
vide the best visualization of the target nuclei, T,-weight-
ed FSE and inversion recovery FSE, typically have inher-
ently higher SAR values. Reducing the SAR of these se-
quences to 0.1 W/kg or less may degrade image quality
such that the scan is no longer anatomically informative
or create a scan that is prohibitively long. Furthermore,
there are presently no reliable data reflecting the relative
risk of MRI at specific SAR levels against which the clin-
ical benefits of the procedure may be weighed. Some
scanners do provide the option of using a ‘low SAR’ T,-
weighted protocol, however, these T,-weighted sequences
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do not reduce the SAR to the 0.1 W/kg recommendation.
Custom sequences can be developed to provide the lowest
SAR possible, but in most cases this requires the expertise
of a dedicated MRI physicist with access to and control
over details of the RF pulses used in these acquisitions.
Many centers unfortunately do not have access to such
resources; moreover, the differences in the way various
manufacturers’ platforms work are significant enough
that one person may not be able to customize sequences
for multiple platforms.

At our center, we have experimented with ultralow
SAR T,-weighted sequences on our Philips scanner to
minimize image degradation and achieve an SAR of 0.2
Wr/kg. This is accomplished by reducing the number and
amplitude of RF pulses and altering pulse shape. We
found an effective strategy of reducing the number of RF
refocusing pulses by half, which would normally double
the scan time. We compensated for this by performing
half the number of signal averages. Signal-to-noise ratio
can be maintained by taking advantage of the wider RF
pulse spacing to reduce the acquisition bandwidth by
half. RF refocusing pulses that are substantially less than
180° may also be employed to reduce SAR in FSE images.
Likewise, reducing the peak amplitude of RF pulse re-
duces SAR but lengthens the pulse duration, which can
cause timing problems in the pulse train. When this oc-
curs, the shape of the pulse can be changed, typically sac-
rificing the integrity of the slice profile for shorter RF
pulse durations but maintaining the flip angle. Despite
this ability to perform acceptable T,-weighted imaging
with ultralow SAR on our Philips scanner, we still use a
T,-weighted sequence that has an SAR of 0.5 W/kg due to
concern regarding some of the compromises necessary
for further SAR reduction.

It is important to recognize that the series of patients
reported here were scanned under varying circumstanc-

References

es that would be encountered at any center. A wide vari-
ety of scanning parameters were used in a nonprospec-
tive manner on multiple hardware and software environ-
ments over along time period, with MRI technologists of
varying skill levels. We are of the impression that scan-
ning at an SAR of 0.1 W/kg results in zero risk of thermal
damage due to RF-induced heating under typical condi-
tions. Unfortunately, it is not clear what the risks of imag-
ing at an SAR of 0.4 W/kg or higher really are. We have
carefully modified our scanning methods over the years
to remain compliant with most manufacturer guidelines,
but have never scanned a patient with an SAR of less than
0.1 W/kg in all pulse sequences, nor experienced any
MRI-related adverse events.

Conclusions
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