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OBJECTIVE. MRI is an imaging modality frequently ordered for patients with neuro-
modulation systems implanted for spinal cord stimulation. The purpose of this investigation
was to evaluate MRI safety issues (magnetic [eld interactions, MRI-related heating, function-
al disturbances, and artifacts) for a new wirelessly powered lead with receiver used for SCS.

MATERIALS AND METHODS. Lead samples underwent in vitro evaluation for MRI
safety issues using standardized techniques. Magnetic [eld interactions (i.e., translational at-
traction and torque) and artifacts were tested at 3 T. MRI-related heating was performed at 1.5
T/64 MHz and 3 T/128 MHz using two different methods: numerical simulations with ana-
lytical modeling and physical testing. Possible functional disturbances were evaluated under
exposures to 1.5-T/64-MHz and 3-T/128-MHz MRI conditions.

RESULTS. The lead exhibited minor magneticJ¢ld interactions (22° delection angle, no
torque) at 3 T. The highest temperature change recorded at 1.5 T/64 MHz and 3 T/128 MHz
was 3.8°C and 11.3°C, respectively. Exposures to MRI conditions did not damage or alter the
functional aspects of the leads. The maximum artifact size seen on a gradient-echo pulse se-
quence extended approximately 10 mm relative to the size of the lead.

CONCLUSION. The MRI tests performed on patients with the new lead with receiver
revealed no substantial concerns with respect to the conditions that we provide in the safety
guidelines that were based on the results of this investigation. Therefore, MRI examinations
will result in acceptable heating when conducted at appropriate whole-body-averaged specilc
absorption rate levels (i.e., 2.0 W/kg at 1.5 T/64 MHz and 0.3 W/kg at 3 T/128 MHz, corre-
sponding to adjusted temperature rises of 3.6°C and 1.2°C, respectively). Therefore, patients
with this wirelessly powered lead and receiver implanted can safely undergo MRI examina-

tions under specil ¢ conditions.
ore than 30% of Americans suf-
fer from acute or chronic pain,
affecting approximately 100 mil-
lion adults in the United States,
which is more than the total aflicted by heart
disease, cancer, and diabetes combined [1, 2].
Chronic pain is the leading cause of physical
ailments, emotional suffering, and disability.
Causes include chronic back and leg pain,
failed back surgery syndrome, complex re-
gional pain syndrome, neck injuries, lumbar
radiculopathy, degenerative spinal disease,
and arthritis [3, 4]. The standard treatment for
chronic pain not related to cancer includes
surgical intervention, pharmacology (usually
opioids), physical therapy, or some combina-

tion of those approaches [3—-5].
Neuromodulation or spinal cord stimula-
tion (SCS) has been used to treat intractable
pain for more than 40 years, and its applica-

tion is expected to rise for treatment of failed
back surgery syndrome [1, 3, 4]. SCS thera-
py is considered to be a viable, cost-effective
treatment of chronic pain because it reduces
medical treatments, clinical visits, and opi-
oid use [5-10].

Because of the nature of the neurologic
conditions associated with use of SCS sys-
tems, the need to undergo MRI is likely to
increase, and other conditions may also war-
rant assessment with this diagnostic modal-
ity [11, 12]. For example, Desai et al. [12]
conducted an analysis on MRI utilization
in patients with SCS implants and report-
ed that up to 84% of patients will require at
least one MRI procedure within 5 years of
receiving the implant and as many as 74% of
patients would require a non—spine-related
MRI examination within 10 years. Further-
more, they reported that an estimated 87% of
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patients with chronic back and leg pain will
have other comorbid conditions that are op-
timally evaluated by MRI. These [ndings
highlight the need for MR-conditional SCS
systems that permit MRI examinations to be
performed safely [12].

Traditional neuromodulation systems used
for SCS consist of surgical implantation of the
following basic components: an internal pulse
generator, lead extensions, and an implanted
lead with stimulating electrodes. Because of
possible complications and hardware-relat-
ed issues, the internal pulse generator (i.e.,
battery, circuitry, and antenna) used with
these devices may pose a high risk for ad-
verse events [7]. Because of the potential haz-
ards that affect implants in association with
MRI (e.g., movement or dislodgment of fer-
romagnetic objects, excessive heating of con-
ducting materials, induction of currents, and
functional damage), all active implantable
medical devices, especially neuromodula-
tion systems, require extensive testing to iden-
tify and characterize issues that may create
risks to patients or damage the instrumenta-
tion [1, 13—19]. Notably, certain neuromodu-
lation systems have been specially designed
in consideration of the electromagnetic envi-
ronment associated with MRI technology and
are labeled MR conditional, allowing patients
to undergo MRI if specil ¢ requirements that
ensure their safety are followed. The stan-

dard of care for managing a patient referred
for an MRI procedure with an implant or de-
vice is to consult the MRI-specilt labeling of
the implant or device. As the designs of these
implants and devices improves, rel hed heat-
related MRI simulations will be required for
precise MR-conditional labeling [1, 15].

A new wirelessly powered lead with re-
ceiver used for SCS recently received approv-
al from the U.S. Food and Drug Administra-
tion for the treatment of chronic pain. This
SCS system is intended as either a sole miti-
gating device or as an adjunct to pain man-
agement therapy [9, 10, 17]. In comparison
with traditional neuromodulation systems
used for SCS, which often carry extensive
restrictions for MRI examinations [1], this
new system may have fewer limitations be-
cause of its design [9, 10]. Therefore, the pur-
pose of this investigation was to use in vitro
test methods to characterize magnetic [eld
interactions, MRI-related heating, possible
functional disturbances, and artifacts for this
wirelessly powered lead with receiver.

Materials and Methods
Wirelessly Powered Lead With Receiver

This investigation evaluated MRI-related issues
for a wirelessly powered lead with receiver (Free-
dom-8A Stimulator and Freedom Receiver, Stim-
wave Technologies) used for SCS. The device is
composed of an implantable lead that is placed in

the epidural space via a minimally invasive proce-
dure and a portable external component that wire-
lessly transmits power to a miniaturized receiver
embedded within the lead. The external compo-
nent cannot be worn during an MRI examination,
so it was not assessed for MRI-related issues.

The dimensions and features of the lead with
receiver are as follows: length, 45 cm (metallic
portion, 16 cm; plastic portion, 29 cm); diameter,
1.35 mm; and eight cylindric electrodes. The plas-
tic portion of the lead can be trimmed as need-
ed (the clinician will typically implant 25-30 cm
of the total lead length) [9, 10]. The stimulator’s
electrodes are embedded in the plastic material
(length, 3 mm spaced every 4 mm (Fig. 1). The
materials used to make the lead with receiver in-
clude platinum-iridium, polyurethane, polyimide,
copper, nickel-cobalt alloy, and lead-free solder.

Magnetic Field Interactions

The lead with receiver was evaluated for mag-
neticlleld interactions (i.e., translational attraction
and torque) using a 3-T system (Excite, HDx, Soft-
ware 14 x.M5, GE Healthcare). The static magnet-
ic [eld strength of 3 T was used because it rep-
resents the highest available level in widespread
clinical use [15] (7 T is now approved in the Unit-
ed States for clinical MRI, but few of these high-
er-[eld-strength scanners are presently in use). Be-
cause a 1.5-T scanner has a lower static magnetic
[eld strength than a 3-T scanner, the ferromagnetic
qualities are less at that lowel| eld strength.
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Fig. 1—Wirelessly powered lead with receiver used for spinal cord stimulation that underwent testing for MRl issues. (Courtesy of Stimwave Technologies, Inc.)
A, Photograph shows lead with receiver. Note incorporation of dipole antenna and contacts (i.e., electrodes). Scale is in centimeters.
B, Schematic shows details of lead with receiver. ASIC = application-specific integrated circuit, qt = quantity.
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Translational attraction—The del ection angle
test was used to determine translational attraction
at 3 T for the lead with receiver as previously de-
scribed [14, 17]. The test location for the del ec-
tion angle was at the opening of the bore of the
MRI system, 74 cm from isocenter, on the central
axis of the bore along the z-direction of the static
magnetic [eld [14]. This position was determined
using a gauss meter (Extech Model 480823, Ex-
tech), which indicated a spatial gradient magnetic
Leld value of 466 G/cm, which is the highest value
deemed “patient accessible” for the scanner. The
delection angle measured from the vertical di-
rection to the nearest degree was measured three
times, and a mean value was calculated.

Qualitative assessment of torque—A test ap-
paratus made of [at plastic material (i.e., with a
low coef! cient of friction) with a millimeter grid
was used to qualitatively determine the presence
of magnetic [eld—induced torque for the lead with
receiver, as previously described [17]. The test ap-
paratus with the lead with receiver was positioned
in the center of the MRI system, where the effect
of torque is known to be the greatest [15, 17]. The
lead with receiver was then moved 45° relative to
its previous position and carefully observed for
alignment or rotation relative to the direction of
the static magnetic [ eld. This process was repeat-
ed to encompass a full 360° rotation for the de-
vice. The entire procedure was conducted three
times, and a mean value was calculated [17]. The
following qualitative scale was applied to the re-
sults [17]: 0, no torque; +1, mild or low torque, de-
vice slightly changed orientation but did not align
to the magnetic [eld; +2, moderate torque, device
aligned gradually to the magnetic [ eld; +3, strong
torque, device showed rapid and forceful align-
ment to the magnetic [eld; +4, very strong torque,
device showed both very rapid and forceful align-
ment to the magnetil | [eld.

Assessment of MRI-Related Heating

The MRI-related heating evaluation incor-
porated recommendations and guidelines from
the American Society for Testing and Materials
(ASTM) International, the U.S. Food and Drug
Administration, and standardized procedures ob-
tained from the latest peer-reviewed literature [15,
17-22]. The comprehensive procedures were con-
ducted under 1.5 T/64 MHz and 3 T/128 MHz be-
cause these are commonly used conditions in the
clinical setting [15]. The MRI-related heating as-
sessment consisted of a two-phase process: phase
1 consisted of numeric simulations and analytic
modeling; phase 2, experimental testing.

Phase I—Numerical simulations and analyt-
ic modeling were used to determine the highest
(worst-case) temperature rises for the lead with re-
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ceiver, taking into consideration its intended use
during implantation in a human subject [19-21].
In this analysis, the spot that induced the highest
temperature rise along the surface of the device
was considered the position of maximum heating
for this device and, thus, the most likely position
of tissue damage if an excessive temperature rise
occurred during MRI. The methods used were in
accordance with described standardized proce-
dures [20, 21].

Human body simulations were performed us-
ing human models from Virtual Population 3.0
(IT’IS Foundation) for biomedical applications.
Virtual Population 3.0 is a set of computational
models of independent anatomies including male
and female sexes, with ages spanning from fetus
to 84 years old and adult body mass indexes rang-
ing from 21.7 to 36.2. To calculate the tempera-
ture distribution inside the body tissues, a human
model characterized by body size, age, and sex
can be simulated. In reality, a living human body
generates blood [ ow, which removes some of the
energy from the body and therefore may change
temperature distribution. Such a bioheat effect can
be considered by completing the thermal simula-
tion for the human model with a bioheat transfer
mechanism and including metabolism rate and
blood [ow formulations. This process provides a
more realistic in vivo estimation. The simulation
of the human model is performed with the goal
of comparing the temperature measurement of the
methodologic setup with the temperature increase
in the human tissues, which is recommended in
International Organization for Standardization
Technical Standard ISO/TS 10974:2012 (for active
implantable medical devices) and ASTM F2182—
11a (for nonactive medical devices) [19-21].

For the [Tst part of phase 1 analysis, an ASTM
International phantom was positioned within 64-
MHz (for 1.5 T) and 128-MHz (for 3 T) transmit
radiofrequency (RF) body coils. The center of the
ASTM International phantom was placed at the
isocenter of the transmit RF coil. For this simu-
lation setup, the phantom was [lled with gelled
saline in accordance with ASTM Internation-
al guidelines [18]. The gelling agent consisted of
an aqueous solution of 1.32 g/L NaCl and 10 g/L
polyacrylic acid (PAA) formula in distilled wa-
ter. Using this formulation, the room-temperature
(22°C) electrical conductivity of the gelled saline
was 0.47 S/m, and the viscosity was sufl cient to
prevent convective heat transport [18].

SEMCAD X software (version 14.8, Aletsch)
was used to obtain the electric [eld distribution
within the entire ASTM International phantom
[19, 20]. The phantom was placed within a typ-
ical high-pass transmit RF coil with its electric
Celd distribution at the center transverse section

plane of the coil. Electric [eld distributions for
most MRI whole-body transmit birdcage RF coils
have similar patterns [18]. Testing methods were
based on guidelines from ISO/TS 10974:2012 [19].
First, in vivo RF-induced energy was emitted to
the lead with receiver inside the human model.
Next, the incident electric [eld along various tra-
jectories (i.e., pathways) of the lead with receiver
were computed according to well-accepted meth-
ods [19, 20]. These two computations included the
trajectory exiting the thoracic spine at T8 and the
trajectory exiting the lumbar spine at L1. Determi-
nation of the pathways for the lead with receiver
were based on recommendations from physicians
who had experience implanting the lead with re-
ceiver (Perryman L, oral communication, 2018).
The transfer function measurement was ob-
tained by placing the ASTM International phantom
within 64-MHz (for 1.5 T) and 128-MHz (for 3 T)
whole-body RF coils. The lead with receiver was
placed in the phantom along the [rst trajectory at
T8 and the second trajectory at L1. The electrical
Lelds along these two trajectories were extracted
after the completion of the human model simula-
tions. Once these incident electric [elds were pro-
jected, the tangential electric [eld could be calcu-
lated and applied to predict the in vivo RF-induced
voltage at the position of the distal electrode, also
called the tip, of the lead with receiver [19-21].
The results were normalized to a whole body—
averaged specilt absorption rate (SAR) of 2.0 W/
kg with respect to the use of a transmit RF body
coil used for MRI. This SAR value corresponds to
the normal operating mode of operation for MRI
systems [1, 15, 19]. Thus, these [ndings provided
rationale and guidance for the worst-case experi-
mental testing setup that was used in phase 2.
Phase 2—MRI-related heating was evaluated
for the lead with receiver at 1.5 T/64 MHz and 3
T/128 MHz. This procedure involved the use of
a plastic ASTM International phantom that was
[1led to a depth of 10 cm with a semisolid gelled
saline (i.e., 1.32 g/L NaCl plus 10 g/L polyacrylic
acid in distilled water) [17, 18, 22, 23]. The lead
with receiver was placed in a position in the phan-
tom according to the results of the numeric simu-
lations and analytic modeling to ensure a worst-
case heating scenario, thus ensuring extreme
RF heating conditions for this experimental set-
up [20, 21]. A relatively high level of RF energy
was applied under each MRI condition during the
MRI-related heating evaluations, as previously
described [7, 22, 23]. Because this experimental
setup lacks blood[ow or tissue perfusion, it simu-
lates an extreme condition used to assess heating
for this lead with receiver.
MRI conditions—MRI was performed at 1.5
T/64 MHz (Magnetom, Siemens Healthcare) and
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3 T/128 MHz (Excite, GE Healthcare). The trans-
mit RF body coils were used to transmit RF en-
ergy. The landmark position for MRI was located
at the center of the lead with receiver, with section
locations obtained throughout the device. MRI
parameters were selected to generate relatively
high levels of RF energy, which was applied for 15
minutes [17, 18, 22, 23]. A system-reported, whole
body—averaged SAR of 2.9 W/kg was applied at
1.5 T/64 MHz and a whole body—averaged SAR
of 2.9 W/kg was applied at 3 T/128 MHz [17, 18,
22, 23].

Temperature recordings—Temperature record-
ings were obtained using a [uoroptic thermometry
system (Luxtron Model 3100 Fluoroptic Thermom-
etry System, Lumasense) [22, 23]. The thermome-
try system has small (0.5-mm diameter) [ ber-optic
probes (Model SFF-2) with an accuracy and reso-
lution of 0.1°C. To properly record a representa-
tive highest temperature rise during each heating
assessment, the [uoroptic thermometry probe was
placed on the lead with receiver on the basis of the
analysis provided by the numerical simulations and
analytic modeling. Thus, the thermometry probe
was placed on the distal electrode of the lead with
receiver. To record a reference temperature during
the heating assessment, an additional thermom-
etry probe was placed in the ASTM International
phantom at a position removed from the lead (> 30
cm away from the lead on the opposite edge of the
phantom [17, 22, 23]. This same positioning scheme
was used for both heating evaluations.

MRI-related heating protocol—The gelled sa-
line—[1led phantom was placed in the 1.5-T/64-
MHz and 3-T/128-MHz MRI systems rooms and
equilibrated to the respective environmental con-
ditions for more than 24 hours. Baseline (before
MRI) temperatures were recorded at 4-second in-
tervals for 5 minutes. MRI was then performed for

MRI Evaluation of SCS Lead With Receiver

15 minutes, with temperatures recorded at 4-sec-
ond intervals. After MRI was completed, temper-
atures were recorded at 4-second intervals for 2
minutes. The highest temperature changes record-
ed by the [uoroptic thermometry probes are re-
ported at 1.5 T/64 MHz and 3 T/128 MHz.

In additional, background temperatures (i.e.,
heating of the ASTM International phantom with-
out the lead with receiver present) were recorded
as part of the MRI-related heating assessments
[17, 18, 22, 23]. Thus, the temperature changes
were measured at the same positions used for the
Luoroptic thermometry probes and at the same
time intervals used to record the temperatures for
the lead with receiver.

The highest background temperature changes
recorded during the evaluations at 1.5 T/64 MHz
and 3 T/128 MHz also are reported. This testing
method has been described in the literature and
has been used for many assessments of implant
heating related to MRI [15, 17, 22, 23].

Assessment of Possible Functional Disturbances

To determine if the lead with receiver exhibit-
ed a change in function or sustained damage asso-
ciated with different MRI conditions, evaluations
of the effects of exposures to different MRI condi-
tions at 1.5 T/64 MHz and 3 T/128 MHz were per-
formed, as previously described [23]. Thus, vari-
ous MRI exposures and conditions were applied
to the samples of the lead with receiver to repro-
duce common clinical scenarios associated with
patients undergoing MRI examinations at 1.5 T/64
MHz or 3 T/128 MHz. [23].

Six samples of the lead with receiver were at-
tached in three different orientations (i.e., axial,
sagittal, and coronal orientations, two in each po-
sition) to a plastic copper-sulfate-[lled phantom.
Porous paper tape (MicroPore, 3M) was used to

secure the samples to the phantom. The orienta-
tions of the implants were selected to encompass
possible clinical placement scenarios for this im-
plant in a patient undergoing an MRI procedure
[23]. MRI was performed at 1.5 T/64 MHz (Mag-
netom) and 3 T/128 MHz (Excite) using a trans-
mit-receive RF body coil and eight different pulse
sequences running sequentially, as previously de-
scribed [23] (Table 1). Functional testing of each
lead with receiver was performed before and after
the exposures in accordance with the manufactur-
er’s specil cations. The [ndings were character-
ized as either “pass” or “fail” with respect to pos-
sible functional disturbances.

Assessment of Artifacts

To evaluate the lead with receiver for artifacts
on MRI, a slightly curved sample was attached to
a plastic frame and then placed into a gadolinium-
infused, saline-[lled plastic phantom to assess
artifacts at 3 T. MRI was performed using a 3-T
system (Excite, HDx, Software 14 x.M5), as pre-
viously described [17, 22, 23]. Similar to the tests
for magnetic [eld interactions, testing artifacts
for an implant or device at 3 T is deemed a worst-
case scenario because it represents the highest [eld
strength commonly used in the clinical setting.
[15]. MR images were obtained using T1-weight-
ed, spin-echo, and gradient-echo pulse sequences
[17,22, 23] (Table 2). The imaging planes were ori-
ented to the short and long axes of the lead with re-
ceiver. The frequency-encoding direction was par-
allel to the plane of imaging.

Planimetry software was used to measure the
maximum or worst-case artifact areas [17, 22, 23].
The accuracy of this measurement method is plus
or minus 10%. The image display parameters were
used in a consistent manner to obtain valid mea-
surements for the artifacts [17, 22, 23].

TABLE I: MRI Sequences and Parameters Used to Assess Functional Disturbance of Lead With Receiver

Spin-Echo Fast Spin-Echo Gradient-Echo

Parameter T1-Weighted | T2-Weighted | T1-Weighted | T2-Weighted 3D MTC 3D FGE EPI
TR 700 3000 700 5000 20 628 37 3400
TE 10 100 9 113 5 10 1.1 103
Flip angle (°) NA NA NA NA 25 25 NA NA
Fov 30cm 30cm 30cm 30cm 30cm 30cm 30cm 30cm
Matrix size 256 x 256 256 x 256 256 x 256 256 x 256 256 x 256 256 x 256 256 x 256 256 x 256
Slice thickness (mm) 10 10 10 10 3 10 3 10
Section gap (mm) 1 1 1 1 0.6 1 0.6 1
Imaging plane Axial Axial Axial Axial VR Axial VR Axial
Imaging time (min) 1 1 1 1 1 1 1 1

Note—Testing was performed either at 1.5 T/64 MHz or 3T/128 MHz. MTC = magnetization transfer contrast, FGE = fast gradient-echo, EPl = echo-planarimaging, NA =
not applicable, VR = volume-rendered.
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TABLE 2: Artifact Test Results of the Lead With Receiver at 3 T/128 MHz

MRI Sequence
T1-Weighted Spin-Echo Gradient-Echo
Parameter Parallel (Long Axis) Perpendicular (Short Axis) Parallel (Long Axis) Perpendicular (Short Axis)
Signal void artifact (mm?) 1672 304 2682 882
TR 500 500 100 100
TE 20 20 15 15
Flip angle (°) NA NA 30 30
Bandwidth 32kHz 32kHz 32kHz 32kHz
Fov 24cm 24cm 24cm 24cm
Matrix size 256 x 256 256 x 256 256 x 256 256 x 256
Section thickness (mm) 5 5 5 5

Note—NA =not applicable.

Results
Magnetic Field Interactions

The mean delection angle was 22° and
the qualitatively determined torque was 0, or
no torque for the lead with receiver.

MRI-Related Heating

Phase I—According to the analysis, be-
cause the lead with receiver was capsulated
(i.e., insulated) except for the portion con-
taining the metallic electrodes, the location
that induced the highest temperature rise
along the surface of the lead with receiv-
er was found at the electrodes, particularly
the most distal electrode. Thus, this spot was
considered the position of maximum heating
for the lead with receiver and the most likely
location of tissue damage if excessive heat-
ing were to occur in association with MRIL.
The SAR distribution obtained from the
analysis showed the heating characteristics
of the lead with receiver as well as the path
or con[ guration to position the lead with re-
ceiver, which was subsequently used for ex-
perimental testing in phase 2.

Phase 2—The MRI-related heating evalu-
ation for the lead with receiver found that the
greatest amount of heating at 1.5 T/64 MHz
and 3 T/128 MHz was 3.8°C and 11.3°C, re-
spectively. The highest background tempera-
ture changes at 1.5 T/64 MHz and 3 T/128
MHz were 1.3°C and 1.5°C, respectively.

Evaluation of Possible Functional Disturbances
The evaluation of the functional aspects of
the samples of the lead with receiver associ-
ated with exposures to the two different MRI
conditions revealed that each sample retained
its full operational capacity, thus successfully
passing the criteria set by the manufacturer.

410

Notably, there was no signilcant change in
the power characteristics insofar as the nomi-
nal power level characterization remained the
same for each lead with receiver.

Artifacts

Artifacts caused by the lead with receiver
appeared on MR images as localized signal
voids (i.e., signal loss) that corresponded to
the size and shape of the device (Table 2).
The gradient-echo pulse sequence produced
larger artifacts than the T1-weighted, spin-
echo pulse sequence. The maximum artifact
size associated with the gradient-echo pulse
sequence extended 10 mm linearly relative to
the size and shape of the lead (Fig. 2).

Discussion

For more than 3 decades, SCS has been
a vital therapy for the treatment of chronic
pain as well as other medical conditions [1—
5, 8-10]. MR is an essential imaging modal-
ity that is frequently needed by patients im-
planted with neuromodulation systems used
for SCS, which often creates problems be-
cause of scanning limitations that typically
exist for devices designed with conventional
components [1, 12, 15]. Wirelessly powered
leads for SCS not only represent a practical
option for patients but also have fewer issues
with respect to their clinical utilization and
the use of MRI technology in implanted in-
dividuals [1, 9, 10, 17, 24].

An advantage of using a wirelessly pow-
ered lead for SCS is the elimination of com-
ponents that are required by traditional sys-
tems, namely the pulse generators and longer
leads [9, 10]. Patient movement tends to be
restricted because of implanted pulse gener-
ators with the longer leads, with certain com-

plications resulting from their presence [7—
9]. Because a wirelessly powered lead used
for SCS has circuitry small enough to be ful-
ly contained within the lead, it can be im-
planted through a 13-gauge needle via a min-
imally invasive approach. Thus, benelts of a
wirelessly powered lead system include de-
creased implantation procedural time, lower
risk of infection, reduced overall costs com-
pared with conventional neuromodulation
systems and, because of its unique design
features, diminished limitations for patients
undergoing MRI [1, 6-10, 17].

A previous study performed on an older, less
sophisticated lead (i.e., with four electrodes
and no receiver) revealed that the device was
acceptable for patients using 1.5-T/64-MHz
or 3-T/128-MHz MRI conditions [17]. In the

Fig. 2—Gradient-echo MR image shows artifacts at
3T for lead with receiver. Smaller artifact (i.e., signal
loss) is seen at location of electrodes (left side, distal
portion) and larger artifact at position of receiver
(right side, proximal portion).
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present investigation, the newer version of the
stimulator incorporates a receiver that has eight
electrodes. Importantly, there is no limit to the
number of electrodes that can be powered, per-
mitting additional therapeutic options for pain
management when using this device.

Magnetic Field Interactions

The lead with receiver showed relatively
minor magnetic [eld interactions (i.e., 22°
delection angle and no torque) at 3 T. Ac-
cording to ASTM F2052-15, if the delection
angle is less than 45°, magnetically induced
translational attraction is less than the force
of gravity and thus poses no greater impact
than normal daily activity in Earth’s gravita-
tional [eld [14]. Therefore, this implant will
not pose a risk to a patient undergoing MRI
at 3 T or less with respect to translational at-
traction or rotational movement [14, 15].

MRI-Related Heating

The MRI-related heating of an implant,
particularly the lead associated with a neuro-
modulation system, can cause a serious burn
injury in a patient [1, 15]. As part of the MRI-
related heating assessment performed on the
lead with receiver, it was necessary to conduct
numerical simulations and analytic modeling
to determine the worst-case con[ guration (or
path) that results in the greatest temperature
elevation for this device because of the vari-
ous implantation scenarios that can result in
different heating effects [15, 20, 21, 25]. Fur-
thermore, because MRI-related heating is not
uniformly distributed over the surface of an
implant, the location of the maximum heat-
ing can be identil ed computationally [20, 21,
25]. Therefore, the [ndings from the analysis
conducted in phase 1 of the heating assess-
ment were used to determine the worst-case
conl guration and the site of the greatest heat-
ing for the lead with receiver to guide set-up
for experimental testing in phase 2.

Findings from the experimental testing
indicated that the lead with receiver had the
highest temperature rise of 3.8°C at 1.5 T/64
MHz and 11.3°C at 3 T/128 MHz in associa-
tion with relatively high whole body—averaged
SAR levels. These [ndings were not surpris-
ing given that the incident wavelength (i.e., the
frequency of the transmitted RF) relative to
the length of the lead can result in substantial-
ly different heating levels [1, 15, 17, 20, 21, 25].

To ensure patient safety and in consider-
ation of the fact that the implant heating that
occurs during MRI scales to SAR levels, the
following guidelines are recommended: MRI

AJR:214, February 2020

MRI Evaluation of SCS Lead With Receiver

performed at 1.5 T/64 MHz must be conduct-
ed at a whole body—averaged SAR of 2.0 W/
kg (i.e., the normal operating mode of opera-
tion for the MRI system); at 3 T/128 MHz
the whole body—averaged SAR must be lim-
ited to 0.3 W/kg over the torso and 2 W/kg
over other areas of the body (i.e., to include
a margin of safety). The temperature rise for
an implant subjected to MRI-related heat-
ing can be adjusted or scaled to a particu-
lar whole body—averaged SAR level [15, 16].
Thus, adjusting the whole body—averaged
SAR levels as indicated to prevent excessive
heating result in temperature rises of 3.6°C
and 1.2°C, respectively. These recommended
levels will ensure that the temperature rise of
the lead with receiver will not exceed a phys-
iologically consequential value during MRI.
Furthermore, during the heating assessment,
a static medium (i.e., no perfusion) was used,
such that an additional margin of safety may
be presumed with regard to possible MRI-re-
lated heating issues for this implant.

Functional Disturbances

The assessment of possible functional dis-
turbances for samples of the lead with receiver
showed no issues from exposure to 1.5-T and
3-T conditions. One of the factors presumed
to be responsible for this desirable nding re-
lates to the design of the lead with receiver.
This implant has an application-specil ¢ in-
tegrated circuit set to be off, which must be
programmed by a con[ guration initialization
pulse to deliver stimulation to one or more
electrodes. Any signal that is not a conlgu-
ration request, such as a signal caused by ac-
tivation of the MRI system’s electromagnetic
Celds, does not trigger a response in the cir-
cuitry because the signal generated by the
pulse sequences or exposure conditions would
be routed to the integrated circuit without the
conl guration initialization pulse details.

Artifacts

The artifacts seen at 3 T/128 MHz for the
lead with receiver varied with respect to the
position on this implant. They were smaller at
the location of the electrodes (distal portion)
and larger at the positions of the antenna and
circuit board (proximal portion), which was
related to the materials used for those portions
of the lead. Therefore, image quality may be
compromised if the area of interest is in the
same location or relatively close to the posi-
tion of this lead with receiver. Thus, optimiz-
ing the parameters that reduce artifacts is rec-
ommended to avoid potential issues [15].

Possible Limitations

The testing described in this investigation
involved two MRI systems: 1.5 T/64 MHz
and 3 T/128 MHz. Adverse interactions may
be possible in patients undergoing MRI in
scanners operating below or above these
static magnetic [eld strengths and frequen-
cies because the [eld distribution and the
wavelength inside the patient can be substan-
tially different. For example, an unfortunate
case study emphasized the danger of deep
brain stimulation leads and electrodes inter-
acting with MRI when safe operating con-
ditions were not observed [26]. This serious
incident illustrates that although MRI exam-
inations may be performed in patients with
deep brain stimulation devices under specif-
ic, well-controlled MRI conditions, any devi-
ation may result in substantial consequences
for the patient [26—28].

Furthermore, the safety of performing
MRI in a patient with this lead and receiver
and another electronically activated implant
(e.g., deep brain, spinal cord or vagus nerve
stimulation systems) is unknown. Caution
is warranted in these situations, and MRI
should only be performed after careful con-
sideration of the risks and bene! ts.

Conclusion

Comprehensive testing performed to assess
MRI issues for the lead with receiver found no
substantial concerns related to the conditions
that were applied. Therefore, using proper ter-
minology [15, 16], this device is designated
as “MR-Conditional” (de[ned as an item that
has been demonstrated to pose no known haz-
ards in a speciled MRI environment accord-
ing to specil ¢ conditions of use). The follow-
ing safety guidelines based on the [ndings of
this investigation should be carefully followed
to ensure the safety of scanning a patient im-
planted with this lead with receiver.

First, the external components associated
with this device must be removed from the
patient before being allowed into the MRI
system room.

Second, the static magnetic [eld should be
either 1.5 T or 3 T only.

Third, at 1.5 T/64 MHz, the maximum
whole body—averaged SAR must be 2.0 W/kg
for 15 minutes of scanning per pulse sequence.

Fourth, at 3 T/128 MHz, the maximum
whole body—averaged SAR must be 0.3 W/kg
over the torso and 2 W/kg for other areas of
the body for 15 minutes of scanning per pulse
sequence, adjusting to a lower SAR value to
prevent an excessive temperature rise.

an
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Fifth, there is no restriction on the posi-
tion of the lead with receiver relative to the
type of transmit RF coil that is used for MRI.
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