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Background: With growing numbers of patients receiving deep brain stimulation (DBS), radiologists are encountering these neuro-
modulation devices at an increasing rate. Current MRI safety guidelines, however, limit MRI access in these patients.

Purpose: To describe an MRI (1.5 T and 3 T) experience and safety profile in a large cohort of participants with active DBS sys-
tems and characterize the hardware-related artifacts on images from functional MRI.

Materials and Methods: In chis prospective study, study participants receiving active DBS underwent 1.5- or 3-T MRI (T1-weighted
imaging and gradient-recalled echo [GRE]—echo-planar imaging [EPI]) between June 2017 and October 2018. Short- and long-
term adverse events were tracked. The authors quantified DBS hardware-related artifacts on images from GRE-EPI (functional
MRI) at the cranial coil wire and electrode contacts. Segmented artifacts were then transformed into standard space to define the
brain areas affected by signal loss. Two-sample 7 tests were used to assess the difference in artifact size between 1.5- and 3-T MRIL.

Results: A total of 102 participants (mean age * standard deviation, 60 years = 11; 65 men) were evaluated. No MRI-related
short- and long-term adverse events or acute changes were observed. DBS artifacts were most prominent near the electrode contacts
and over the frontoparietal cortical area where the redundancy of the extension wire is placed subcutaneously. The mean electrode
contact artifact diameter was 9.3 mm * 1.6, and 1.9% = 0.8 of the brain was obscured by the coil artifact. The coil artifacts were
larger at 3 T than at 1.5 T, obscuring 2.1% * 0.7 and 1.4% = 0.7 of intracranial volume, respectively (2 < .001). The superficial
frontoparietal cortex and deep structures neighboring the electrode contacts were most commonly obscured.

Conclusion: With a priori local safety testing, patients receiving deep brain stimulation may safely undergo 1.5- and 3-T MRI. Deep
brain stimulation hardware—related artifacts only affect a small proportion of the brain.

©RSNA, 2019

Online supple | material is available for this article.

ultiple neurologic disorders are thought to arise from

dysfunctional neuronal circuits. Modulation of mal-
functioning circuits can be achieved with therapies such
as deep brain stimulation (DBS) (1). In DBS, electrical
stimulation is delivered through implanted brain elec-
trodes (2,3). DBS is best established as a therapeutic tool
for movement disorders such as Parkinson disease, essential
tremor, and dystonia (1,3). DBS is also being investigated
as a treatment for psychiatric (4) and cognitive disorders
(3). To date, more than 150000 individuals have been im-
planted with DBS worldwide (5). Due to safety concerns,
the ability to undergo MRI following DBS implantation

is highly restricted. Because patients receiving DBS may
require a wide range of MRI sequences for clinical pur-
poses, and because MRI has been shown to be a valuable
research tool in this population, additional data expound-
ing the safety profile of MRI in individuals receiving DBS
would be beneficial.

Owing to safety concerns, MRI guidelines for scanning
individuals receiving DBS are restrictive, largely limiting di-
agnostic uses. Strict safety guidelines (6-8) have been im-
plemented after MRI-related adverse events (9): two cases
of implantable pulse generator (IPG) failure during 1.5-T
brain MRI; one case of temporary peri-electrode edema
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Abbreviations

DBS = deep brain stimulation, EPI = echo-planar imaging, GRE =
gradient-recalled echo, IPG = implantable pulse generator, SAR =
specific absorption rate

Summary

With a priori local safety testing, 1.5- and 3-T MRI may be safely
performed in participants with implanted deep brain stimulation
(DBS) systems as the DBS artifact only affects a small proportion of
the brain.

Key Results

m The mean electrode contact artifact diameter was 9.3 mm, and
1.9% of the brain was obscured by the coil artifact.

= Although the coil artifact caused by deep brain stimulation neu-
romodulation systems is larger at higher magnetic field strength
(2.1% of intracranial volume at 3 T vs 1.4% at 1.5 T [P < .001]),
it remains mostly limited to the superficial frontoparietal cortex
and structures neighboring the electrode contacts; thus, most of
the brain is visible and fit for analyses such as functional MRI.

during 1.5-T brain MRI thought to be related to unwanted ten-
sion on the externalized DBS leads during scanning; one case
of peri-electrode hemorrhage during 1.0-T lumbar spine MRI
thought to be due to the atypical placement of bilateral IPGs,
one of which was abdominal (10); and one case of transient dys-
tonic movements during 1.0-T brain MRI thought to be due to
an occult peri-electrode injury (11). At present, MRI-conditional
DBS neuromodulation systems from Medtronic (Minneapolis,
Minn) (7), Boston Scientific (Marlborough, Mass) (6), and Ab-
bott (Chicago, Ill) (8) have been approved by the U.S. Food and
Drug Administration for MRI at specific magnetic field strengths
(ie, 1.5 T) and with specific heating-related thresholds (eg, specific
absorption rate [SAR]). However, there is considerable interest in
investigating the safety of MRI at higher magnetic fields (eg, 3 T,
7 T) and of the less commonly used experimental sequences given
their potential as future clinical tools (12,13).

To date, investigators have used phantom models replicating
the configuration of DBS neuromodulation devices in individu-
als to explore the MRI safety of DBS hardware outside of vendor
guidelines (14-19). The main safety issue addressed with phan-
tom experiments is heating of the DBS neuromodulation sys-
tem (20). Higher heating is expected with higher magnetic field
strengths and the use of body transmit coils, which optimizes
signal-to-noise ratio and speed of acquisition while minimizing
distortion of images obtained with MRI distortion (17). Experi-
ments in phantoms have yielded inconsistent results with regard
to safe MRI of DBS; this is due in part to the heterogeneous and
continually evolving DBS and MRI hardware (21,22). Notably,
recent phantom studies have demonstrated an acceptable tem-
perature rise at the electrodes when using 3-T MRI and a body
transmit coil (15,19,23).

Neuroimaging has furthered our understanding of the mech-
anisms underlying the effects of DBS. In particular, functional
MRI has shown engagement of motor and emotional circuits
during DBS stimulation for Parkinson disease (23,24) and ob-
sessive-compulsive disorder (25), respectively. However, the me-
tallic susceptibility artifact associated with the DBS device limits
the assessment of certain areas (15).
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Recruitment:
DBS routine appointments
(neurology, psychiatry)
-Only select DBS hardware:
-Brand:Medtronic
-Lead: 3387/3389
-Extension wire: 37086
-IPG: 37601/37603/37612
-Adequate DBS geometry
(for 3T MRI patients-outside vendor
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Assessed for eligibility
n=109
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-Unable to give informed consent n=0
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Figure 1: Study flowchart shows recruitment of study participants
with referrals from primary responsible physicians and inclusion and
exclusion criteria. Steps for image analysis are also shown. DBS =
deep brain stimulation, GRE-EPI = gradient-recalled echo—echo-planar
imaging, T1 W = T1-weighted.

Group analysis

We hypothesized that, under specific conditions, participants
with DBS could safely undergo 1.5- and 3-T MRI and that the
associated artifacts at functional MRI would be limited and not
prohibit analysis. Following published safety data (15,19,23), we
aimed to (2) share our experience performing MRI in a large
number of study participants receiving DBS both within and

175



Functional MRI Safety and Artifacts during Deep Brain Stimulation

outside of vendor guidelines and (4) characterize
the artifacts on images from functional MRL

Materials and Methods

DBS Patients
n=102

In a previous study (15), we reported on 41 par- Magnetic Field 1.5T E 3T
ticipants included in our current study. The cur- Strength n=29 n=73
rent study expands on that study by using body .
transmit-receive coils and includes analyses char- .
acterizing DBS metallic artifacts seen on images MRI Coil Body E Head Body
from functional MRI. n=29 ¢ pn=46 n=27
Following ethical approval (institution 1 [To- . :
ronto Western Hospital, Toronto, Ontario, Can- .
ada], #14-8255; institution 2 [Albany Medical Electrode 3389 E 3387 3389 3387
College, Albany, NY], #4683/5082), participants Model n=23 o n=46 n=5 n=22
included in this prospective study (clinicaltrials. 1 electrode § 1 electrode 1 electrode 2 electrodes
gov identifier: NCT03153670) provided writ- n=8 s =1 n=2 n=22
ten informed consent. Study protocols and data Zieleotrodes S2iclectrodes:  Zeelectrodss
. . n=15 * n=45 n=3
generated during the study are available from the 3387 .
corresponding author by request. The study was 4
supported by GE Global Research, the RR Tasker I el}gcztr6o de A
Chair in Functional Neurosurgery at University =2 E
Health Network, and a Tier 1 Canada Research 2 electrodes .
Chair in Neuroscience. The supporting party (GE n=4 e
Global Research) contributed to the data acquisi- .

tion and analysis (I.H., E.E). The corresponding
author confirms that he had control of all data and
information throughout the study.

Study Participants

Werecruited participantsatthe DBSclinics (Fig1).
Participants were included if they (2) were re-
ceiving active DBS at any therapeutic targets,
(b) could provide written informed consent,
and (¢) had specific models of Medtronic DBS
hardware, including DBS leads (model 3387
or 3389, 28 cm; Medtronic), extension wire
(model 37086, 60 cm; Medtronic), and IPG
(Activa PC 37601, Activa RC 37612, or Activa
SC 37603; Medtronic). The DBS models used
are summarized in Figure 2. Participants under-
going 3-T MRI were also required to have DBS
hardware geometry similar to previous phan-
toms (15,19,23), with redundant extension wire coiled into
an extension loop (approximately 2 cm in diameter) under
the scalp and the remainder of excess wire coiled behind
a subclavicular IPG (Fig 3). Participants were excluded if
they were unable to provide informed consent (eg, they had
cognitive, psychologic, or communication impairments).
MRI could not be performed in participants with excessive
movement at rest (usually when DBS was turned off) or in
participants who were too anxious or claustrophobic at the
time of the MRI.

From June 2017 to October 2018, we performed MRI at
two academic medical institutions in 102 participants receiv-
ing DBS with fully internalized electrodes (Table 1). We used
T1-weighted three-dimensional spoiled gradient-recalled echo
(GRE)—echo-planar imaging (EPI) sequences; MRI hardware
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IPG Model

Activa PC *Activa PC Activa PC Activa PC
n=14 & n=45 n=3 n=17
1IPG = 1IPG 1 IPG 1 IPG
n=14 E n=45 n=3 n=17

Activa SC sActiva RC Activa SC Activa RC
n=15"e  n-I n=2 n=>3
1IPG s 1IPG 1 IPG 1 IPG
n=11 s o=l n=2 n=5
2IPG ¢

n=4 H

Figure 2: Summary of models used for MRI and deep brain stimulation (DBS).
Hardware was obtained from Medtronic (Minneapolis, Minn). Participants were
scanned at 1.5 T or 3 T with a multi-array transmitreceive coil (body) or a quadra-
ture fransmitreceive head coil (head). Electrode models 3387 or 3389 and Activa
PC, Activa RC, or Activa SC implantable pulse generators (IPGs) were used. Partici-
pants had unilateral or bilateral electrodes and a single IPG or dual IPGs.

and pulse sequences are described in detail in Tables 2 and 3,
respectively.

Of the 102 participants, 29 underwent 1.5-T MRI and
73 underwent 3-T MRI. The 1.5-T MRI examinations were
performed according to Medtronic guidelines and with use
of bipolar stimulation (7). The 3-T MRI examinations were
performed with DBS turned on at native DBS settings (eg,
monopolar). This is in contrast to vendor recommendations
that prohibit the use of field strengths other than 1.5 T and
turning on the DBS at current settings other than bipolar
during MRI (7). The importance of using native stimulation
settings when acquiring experimental data was previously
demonstrated (23).

We assessed short-term adverse effects with complete
neurologic examination immediately after MRI (institution

radiology.rsna.org » Radiology: Volume 293: Number 1—Ocfober 2019
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Figure 3: Radiographs of deep brain stimulation (DBS) device. Typical DBS hardware configurations used at our institution are seen on radio-
graphs of, A, skull, B, neck, and, C, chest. Cranial loops of coiled extension wire have a diameter of approximately 2 cm. The remaining excess
extension wire is coiled behind the thoracic implantable pulse generator.

1 and 2) and 1 week after MRI
neurosurgical follow-up (institu-

Table 1: Summary of Primary DBS Indications and DBS Targets

Value

tion 2). Neurologic examinations | Parameter
were performed by a fellowship- | Mean age (y)*
trained neurosurgeon with 8 years Women

of experience (M.R.), a fellowship- Men
trained neurologist with 8 years of | Sex

experience, and a registered nurse Women 37 (36)
with 7 years of experience. The ex- Men 65 (64)
amination consisted of evaluations | Primary DBS indication and target

of motor, sensory (upper and lower Parkinson disease/subthalamic nucleus 69 (68)
limbs), and cranial nerve func- Parkinson disease/globus pallidus interna 16 (15)
tions as well as assessment of alert- Dystonia/globus pallidus interna 1(1)
ness and orientation. Any clinical Major depressive disorder/subcallosal cingulate cortex 4 (4)
change from baseline was consid- Anorexia nervosa/subcallosal cingulate cortex 8 (8)
ered an adverse event. Short-term Alzheimer disease/fornix 303
adverse effects were also assessed Epilepsy/anterior thalamic nucleus 1(1)

60.0 = 11.4 (26-80)
55.6 = 14.3 (26-80)
62.5 * 8.5 (28-78)

with review of the MRI and DBS
impedance changes. Signal inten-
sity changes adjacent to the neuro-

Note.—Unless otherwise specified, data are numbers of participants (7 = 102), with percentages
in parentheses. DBS = deep brain stimulation.

* Data are means * standard deviations, with ranges in parentheses.

stimulator, other than the typical

metallic artifact, were taken as an

adverse event. We interpreted low or intermediate signal
intensity on T1-weighted images as edema. Low signal in-
tensity on GRE-EPI images was interpreted as hemorrhage
(A.B., a radiology trainee with 3 years of experience, and
W.K., a neuroradiologist with 30 years of experience). We
also recorded therapy DBS system impedances before and
after MRI using an Activa Patient Programmer (model
37642; Medtronic) to ensure the electrical circuit integrity
of the system and the stability of peri-electrode tissue (eg,
absence of gross edema or hemorrhage). Only gross imped-
ance changes would be meaningful given that () very low
(bipolar current <250 Q) or very large (monopolar current
>2000 Q) impedance values are meaningful in conjunction

Radiology: Volume 293: Number 1—October 2019 = radiology.rsna.org

with a change in clinical efficacy, (4) acute impedance
changes can be seen with stimulation (26), and (¢) slight
impedance variations may be routinely seen (27). Finally,
long-term adverse effects were assessed at the latest routine
DBS visits at least 1 month after MRI; any clinical change
from baseline was considered an adverse event.

We also measured parameters correlated with implant heat-
ing. SAR values were extracted from the Digital Imaging Com-
munications in Medicine headers. The root mean square value
of the MRI effective component of the radiofrequency magnetic
field (B,), or B, , was computed retroactively by uploading on
an MRI software (revision version 26.0; GE Healthcare, Chi-
cago, IlI) protocols scanned on a selected number of participants.
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Table 2: MRI Hardware Used at Both Institutions

V02_1406.a software

3.0-T Signa MRI scanner with Signa Architect version
27\LX\ MR software (software release: DV26.0_
RO1_1725.2)

Institution ~ MRI Machines Coils No. of Participants
1 3.0-T Signa MRI scanner with HDx version 3.0-T HD multiarray body transmit-receive 22
16.0_V02_1131.a software coil (eight channels, model 2380637-2)
Quadrature transmit-receive head coil 46
(model 2376114)
2 1.5-T Signa MRI scanner with HDxT version 23.0_  1.5-T HD eight-channel body transmit 29

brain array receive coil
Multi-array body transmit-receive coil (24 5
channels, HNU coil)

Note.—All equipment was manufactured by GE Healthcare.

Table 3: Pulse Sequences and Associated Parameters Used for Scanning Participants Receiving DBS

1.5 T: Institution 2

3 T: Institution 1

3 T: Institution 2

GRE-EPI T1-weighted
GRE-EPI T1-weighted GRE-EPI T1l-weighted ~Multiphase 3D SPGR GRE-EPI T1-weighted
Multiphase 3D SPGR Multiphase 3D SPGR fMRI with  MRI with Multiphase 3D SPGR
fMRI with MRI with fMRI with MRI with Head Head fMRI with MRI with
Body Body Body Body Transmit- Transmit- Body Body
Parameter Transmit Coil Transmit Coil Transmit Coil Transmit Coil Receive Coil Receive Coil Transmit Coil Transmit Coil
TR (msec) 3011 12.88 2151 8 3010 8 3011 7.58
TE (msec) 40 5.48 30 3 30 3 35 3.196
TT (msec) NA 0 NA 450 NA 450 NA 0
BW (kHz) 250 16 62.5 31.25 62.5 31.25 250 31.25
FOV (mm) 200 X 200 200 X 180 240 X 240 256 X 256 240 X 240 256 X 256 220 X 220 220 X 200
FA (degrees) 90 12 86 20 84 20 85 12
Section 3.0 1.8 4.0 1 3.0 1 4.5 0.8
thickness
(mm)
Gap (mm) 0 0 0 0 0 0 0 0
ETL 1 1 1 1 1 1 1 1
Matrix 64 X 64 512 X 512 64 X 64 256 X 256 64 X 64 256 X 256 64 X 64 512 X 512
Frequency L/R A/P L/R A/P L/R A/P L/R A/P
(direction)
No. of signals 1 1 1 1 1 1 1 1
acquired

Note.—A/P = anterior-posterior, BW = bandwidth, DBS = deep brain stimulation, ETL = echo train length, FA = flip angle, fMRI =
functional MRI, FOV = field of view, GRE-EPI = gradient-recalled echo—echo-planar imaging, L/R = left-right, NA = not applicable,
SPGR = spoiled gradient-recalled, TE = echo time, T1 = inversion time, TR = repetition time, 3D = three-dimensional.

In other words, B,
netic field generated by the radiofrequency transmit coil.

. is a measure of the average effective mag-

Neuroimaging Analyses

‘We characterized DBS neurostimulator artifacts (coil and elec-
trode contact artifacts) on images from GRE-EPI MRI by using
a semiautomated segmentation method (Figs E1, E2 [online]).
We also performed group analysis of commonly obscured brain
structures. Finally, to demonstrate feasibility of resting-state
networks analysis in participants receiving DBS, we performed
a limited resting-state networks analysis. Detailed methods are
given in Figure 4 and Appendix E1 (online).

178

Statistical Analysis

Two-sample # tests (unequal variance) were used to assess the
difference in artifact size and SAR between 1.5- and 3-T MRI.
P < .05 was considered indicative of a statistically significant
difference. Statistics were done by using R-Project software
(version 3.4.3, https:/lwww.r-project.org/, open source).

Results

Demographics of Study Cohort
Our study cohort consisted of 102 participants with a mean
age (Estandard deviation) of 60 years = 11; 65 participants

radiology.rsna.org » Radiology: Volume 293: Number 1—Ocfober 2019



were men and 37 were women. One patient was excluded
from the neuroimaging analyses.

Adverse Events

There were no MRI-related adverse events in the 102 par-
ticipants receiving DBS who underwent MRI at our institu-
tions at both 1.5 T (7=29) and 3T (n = 73). Specifically, no
acute or long-term adverse effects were detected. The mean
time between MRI and the latest DBS clinic visit was 488
days = 209 (z = 97, five patients without DBS clinic visit at
the time of publication). MRI demonstrated no acute brain
changes. The mean DBS system impedance before MRI
was 1023 Q (range, 548-1693 Q) on the right and 1136 Q
(range, 605-2946 Q) on the left. After MRI, the mean DBS
system impedance was 1034 Q (range, 717-1943 Q) on the
right and 1106 Q (range, 584-2863 Q) on the left.

SARand B,,

We compared the SAR with body transmit coils at both
field strengths (Table 4). SAR values were lower at 1.5 T
than at 3 T for both GRE-EPI (functional MRI) and T1-
weighted MRI (P < .001). SAR values at both GRE-EPI
(mean SAR: 0.031 W/Kg % 0.002) and T1-weighted MRI
(mean SAR: 0.078 W/Kg * 0.006) were within the ven-
dor guidelines at 1.5 T (=0.1 W/Kg). At 3 T, SAR values
were 0.221 W/Kg = 0.054 and 0.397 W/Kg *= 0.046 for
GRE-EPI and T1-weighted MRI, respectively. Mean SAR
values with the 3-T quadrature transmit-receive head coil
were 0.41 W/Kg * 0.14 (range, 0.24-1.09 W/Kg) and 0.51
W/Kg = 0.07 (range, 0.21-0.63 W/Kg) for T1-weighted
three-dimensional spoiled GRE imaging and GRE-EP], re-
spectively. For GRE-EPI, B, values were 0.77 T at 1.5
T and 0.60-0.69 nT at 3 T For T1 -weighted three-dimen-
sional spoiled GRE imaging, B.. values were 1.13 T at
1.5 T and 1.16-1.40 nT at 3 T (Table E1 [online]). Ap-
proximately 10% variability in the B,
each of the four hardware configurations, depending on the

. values was noted in

number of sections prescribed to accommodate each partici-
pant’s anatomy.

Functional MRI Artifact Associated with DBS
Hardware

Meetallic susceptibility artifacts were most prominent in two ar-
eas: circumferentially along the DBS lead (particularly around
the electrode contacts) and in the parietal area subjacent to the
subgaleal wire coil (Fig 5). The contact artifact diameters and
the actual and proportional (relative to intracranial volume) coil
artifact volumes were measured for the whole cohort and for
the 1.5-T and 3-T cohorts separately (Table 5). For the whole
cohort, the mean contact artifact diameter was 9.3 mm = 1.6;
1.9% = 0.8 of the intracranial volume was obscured by the coil
artifact. Thelargest coil artifacts were seen in the four participants
with bilateral IPG obscuring 1.98%-1.99% of the gray matter.
The coil artifacts were smaller at 1.5 T (1.4% = 0.7 of intracra-
nial volume) than at 3T (2.1% = 0.7 of intracranial volume)
(P < .001), whereas no difference was seen for the contact ar-
tifact diameters (P = .1).

Radiology: Volume 293: Number 1—October 2019 = radiology.rsna.org
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T1 GRE-EPI
Registered
GM+WM+CSF Voxel > 80% BOLD

GRE-EPI
Mask
(initial)

T1 Mask
@ (initial)

Bitwise AND
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Binary
f Mor hology

T1 Mask
(cleaned)

GRE-EPI
Mask
(cleaned)

Cropping region around artifact
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Figure 4: Methods used for semiautomatic frontoparietal artifact
segmentation. Similar methods were used to segment the electrode
contact artifact. ART. = coil artifact, BOLD = blood oxygen level-de-
pendent, CSF = cerebrospinal fluid, GM = gray matter, GRE-EPI =
gradient-recalled echo—echo-planar imaging, RO, = cropped-out
artifact region of interest on image from GRE-EPI, ROl = cropped-out
artifact region of interest on image from T1-weighted MRI, WM =
white matter.

179



Functional MRI Safety and Artifacts during Deep Brain Stimulation

Table 4: Summary of Specific Absorption Rates

Sequence

Whole Cohort (7 = 56)* 1.5-T MRI (z = 29)*

3-T MRI (n = 27)* PValue (1.5Tvs3T)"

GRE-EPI 0.12 = 0.10
T1-weighted 3D SPGR  0.23 * 0.16

0.031 = 0.002 (0.025-0.035) 0.221 = 0.054 (0.086-0.275) <.001
0.078 = 0.006 (0.063-0.089) 0.397 * 0.046 (0.257-0.463) <.001

Note.—Data are for examinations performed with the body transmit-receive coil. Specific absorption rates are given as watts per kilogram.

GRE-EPI = gradient-recalled echo—echo-planar imaging, SPGR = spoiled gradient-recalled, 3D = three-dimensional.
* Data are means * standard deviations. Numbers in parentheses are ranges.
¥ P values are two-sided and were obtained with the two-sample ¢ test.

Normalization of the coil and electrode contact
artifacts to the standard MNI brain allowed com-
putation of probability maps of signal loss and as-
sessment of brain areas most commonly obscured
by the artifacts (Fig 6). These areas included the
parietotemporal cortex and deep structures in the
immediate vicinity of the electrode contacts. By
displaying voxels common to as few as 10 of 100
artifacts, Figure 5 overestimates the area that would
be obscured in any single participant.

Visualization of Brain Networks

In participants implanted with neurostimulator,
default mode network could be visualized at both
1.5T and 3 T (Fig E3 [online]).

Discussion
To date, more than 150000 individuals have been
implanted with deep brain stimulation (DBS) de-
vices worldwide. Due to safety concerns, the abil-
ity to undergo MRI after DBS implantation is sub-
ject to strict regulations. In this study, we sought
to provide additional data regarding the MRI
safety profile in individuals receiving DBS. We
performed structural and functional T1-weighted
MRI in 102 study participants with fully inter-
nalized and active DBS without short- and long-
term adverse effects. Of those 102 participants,
73 underwent 3-T MRI. Our results support the
concept that multi-array receive coils—highly de-
sirable for neuroimaging—may be safely used in
individuals receiving DBS who undergo 3-T MRL
Previous studies have used functional MRI to
study DBS mechanism of action, however, with im-
portant limitations. Our study is an order of mag-
nitude larger than the study by Mueller et al (n =
13) (28), which was also limited by a magnetic field
strength of 1.5 T. Philipps et al (24) used 3-T MRI
in participants receiving DBS; however, their DBS systems were
externalized (ie, leads connected to an external pulse generator).
This is in contrast with the fully internalized DBS system in our
participants, which allows MRI at any time point after surgery.
Different MRI scanners and DBS models were used in our
study. The type of neuromodulation systems, MRI hardware,
and MRI parameters used are implicated in device heating.
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Figure 5: MRI of deep brain stimulation (DBS) device at 3 T. Select images from
axial, A, B, three-dimensional spoiled gradient-recalled MRI and, C, D, gradient-
recalled echo-echo-planar imaging in participant receiving DBS show the DBS
hardware artifact at the level of, A, C, frontoparietal and, B, D, electrode contact
artifacts.

Constantly evolving neuromodulation systems may be partly
responsible for the inconsistent reported safety data (14,16-19).
Importantly, our experience with DBS MRI cannot be gener-
alized to other institutions (specifically their MRI scanners) as
previous studies have shown that the temperature rise incited
by similar MRI scanners can be variable (21,22). Moreover, the
geometry of the neurostimulation device plays a crucial role in
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Table 5: DBS Artifact Size at GRE-EPI

3-T MRI (n = 73)* PValue (1.5T vs 3T)"

by single coil artifact (%)
Proportion of gray matter shadowed 0.98 = 0.01
by single coil artifact (%)

8.9 = 1.6 (5.6-11.4)
1.4 *+ 0.7 (0.4-3.4)

Parameter Whole Cohort (7 = 102)* 1.5-T MRI (» = 29)*
Electrode contact diameter (mm) 93+ 1.6
Proportion of ICV shadowed 1.9+0.8

0.99 = 0.01 (0.96-1.00) 0.98 * 0.01 (0.95-0.99) <.001

9.5 £ 1.6 (6.2-12.4) .1
2.1 £0.7 (0.8-3.6) <.001

T P values are two-sided and were obtained with the two-sample 7 test.

Note.—GRE-EPI = gradient-recalled echo—echo-planar imaging, ICV = intracranial volume.
* Data are means = standard deviations. Numbers in parentheses are ranges.

determining heating (15,18,29), and this geometry may vary
across surgeons and institutions. Uncommon DBS configura-
tions such as abdominal IPG would warrant additional safety
data. A priori local safety testing and rigorous participant selec-
tion for hardware models and geometries previously shown to be
safe for MRI is thus crucial.

The extent of the DBS susceptibility artifact depends
on a variety of factors, including magnetic field strength
and acquisition parameters (30). These artifacts are typi-
cally more pronounced at higher field strengths (31). Given
that functional MRI spatial resolution is coarse, small dif-
ferences in artifact sizes between field strengths is unlikely
to be meaningful. Our field strength comparison was done
with unmatched acquisition parameters. It is well known
that echo time plays an important role in artifact size. A
larger echo time is associated with larger susceptibility ar-
tifacts (30). Echo times were chosen to minimize artifact
size while maximizing blood oxygen level-dependent sig-
nal (32). Even though our 3-T GRE-EPI pulse sequence
used a smaller echo time than its 1.5-T counterpart, the
3-T artifacts remained larger, highlighting the key role of
field strength in artifact generation. The improved signal-to-
noise ratio at 3 T likely counterbalances the slightly larger
artifact size. If desired, techniques to reduce susceptibility
artifacts (33) could be used at the higher field strengths.

Because functional MRI sequences (GRE-EPI) are usu-
ally associated with more pronounced susceptibility artifact
from metallic implants, we sought to characterize areas most
commonly obscured by the artifacts on these sequences as
these may not be amenable for functional MRI analysis. For
the vast majority of participants, coil artifacts remained lim-
ited to the superficial lateral parietal and temporal cortex,
sparing most of the primary somatosensory cortex—an area
previously demonstrated with functional MRI to be integral
for therapeutic response to DBS (23). Although not previ-
ously thoroughly studied, the location and geometry of the
coiled extension wire influence the size and location of the
shadowed areas. For improved functional MRI data qual-
ity, it is presumably advantageous to have coiled extension
placed in between the inion and the mastoid to spare the
primary sensorimotor cortex. However, DBS breakage has
been reported to be more prevalent when positioned below
the mastoid (34). The largest electrode artifact, located dis-
tally at the contacts, caused signal loss in neighboring deep

Radiology: Volume 293: Number 1—October 2019 = radiology.rsna.org

structures. For example, the most common DBS target,
the subthalamic nucleus, which is used in the treatment of
Parkinson disease, may not be suitable for functional MRI
analyses. Using other hubs of the motor circuit, we have
shown motor engagement and the utility of functional MRI
in programming for individuals receiving DBS (23); how-
ever, future functional MRI analysis pipelines for individu-
als receiving DBS may need to handle missing data resulting
from artifact-related voxel effacement.

Our study has some limitations. First, our experience
with scanning study participants receiving DBS outside ven-
dor guidelines is not generalizable to other MRI hardware or
institutions. To replicate our experience, other institutions
would need to also perform local safety testing. However,
with careful planning and the appropriate expertise, this can
take a few hours without substantial associated cost. Second,
the sequences in our study (T1-weighted imaging and GRE-
EPI) were inadequate for the detection of acute brain changes
such as edema. They were not used as a primary criterion to
establish safety. Diagnostic T2-weighted sequences are usually
believed to be unsafe for individuals receiving DBS (15). In
addition, abnormal signal intensity changes immediately adja-
cent to the neurostimulator would be masked by the metallic
artifact. Third, given that our study participants were scanned
with different hardware and software platforms, SAR values
may have been estimated in slightly different ways across both
institutions. Also, the root-mean-square value of the MRI ef-
fective component of the radiofrequency magnetic field (B,)
as an indicator of incident radiofrequency energy would have
yielded further safety data. Finally, as newer neuromodulation
device models and evolving MRI hardware (eg, 7-T MRI) are
developed, additional safety experiments will need to be done.

In conclusion, our experience with deep brain stimula-
tion (DBS) MRI demonstrates that (z) MRI of individuals
receiving DBS outside prescribed vendor guidelines may be
done safely and (4) functional MRI data are amenable for anal-
ysis despite the susceptibility artifacts. Phantom experiments
allow a better understanding of the relationships between these
implants and their safe MRI use. Alternative pulse sequences
and higher field strengths, which may be outside current ven-
dor guidelines, will likely be incorporated into neuroimaging
protocols. Individuals receiving DBS will benefit from addi-
tional MRI safety knowledge as it offers the potential to ex-
pand their MRI possibilities and provide further research tools.
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Figure 6: Deep brain stimulation (DBS) artifact distributions. DBS
hardware artifact probability maps for, A, B, coil arfifact and, C-J, DBS
electrode contacts included in study cohort. For group analysis, indi-
vidual participant's coil and electrode contact artifacts were transformed
(ie, normalized) to a standard brain (MNI brain). Leftsided artifacts were
flipped on the right side. Artifact frequency maps were then obtained by
summing the artifacts and then dividing by the size of each group (color
bar unit = percentage). A, C, E, G, |, Two-dimensional frequency maps
are shown on axial T1-weighted images from MRI of brain. Frequency
maps were thresholded at 10% (ie, these voxels were only shadowed in
10% of participants) for visualization. Right and left on the images follow
radiologic conventions. B, D, F, H, J, Three-dimensional reconstructions
of frequency maps are shown in T1-weighted MNI brain image with
relevant DBS target. Three-dimensional visualization of DBS targets was
done with the Lead-DBS toolbox (www.lead-dbs.org). Note that the an-
terior thalamic nucleus contact artifact map was not included because it
applied to only one participant. AD = Alzheimer disease, AN = anorexia
nervosa, GPi = globus pallidus interna, MDD = major depressive disor-
der, PD = Parkinson disease, SCC = subcallosal cingulate cortex, STN =
subthalamic nucleus.
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