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REVIEW

Neurosurgical Implant Safety in 7 T MRI:
A Scoping Review

Annabelle Shaffer, MS," ® David Weisbaum, DO,? Anant Naik, BS," Aaron Anderson, PhD,>*
Tracey Wszalek, PhD,>** Mark Cohen, MD," Brad Sutton, PhD,>** Andrew Webb, PhD,>*>
Bruce Damon, PhD,** and Paul M. Arnold, MD"?*

The use of 7 Tesla (T) magnetic resonance imaging (MRI) is expanding across neurosurgical and neurologic specialties.
However, few neurosurgical-related implants have been tested for safety at 7 T, limiting its use in patients with cranial fixa-
tion, shunt placements, and other implants. Implant safety can be determined via the American Society for Testing Mate-
rials International (ASTM) guidelines. To assess the current state of neurosurgical implant safety at 7 T, a systematic search
was performed using PubMed, MEDLINE, Web of Knowledge, and citation matching. Studies written in English that
included at least one neurosurgical implant and at least one safety outcome were included. Data were extracted for
implant studied, implant composition, deflection angle, torque, temperature change, and ASTM guidelines followed. PRI-
SMA reporting guidelines for scoping reviews were followed. Overall, 18 studies consisting of 45 unique implants were
included. Implants included cranial fixation devices, aneurysm clips, spinal rods, pedicle screws, ventriculoperitoneal
(VP) shunts, deep brain stimulation devices, and electroencephalogram (EEG) caps and electrodes. Cranial fixation devices,
deep brain stimulation devices, spinal rods, and pedicle screws are likely 7 T MRI compatible based on outcomes
reported. Aneurysm clips and EEG devices had variable safety outcomes. The VP shunts studied lost functionality after 7 T
MRI exposure. We identified several implants that are likely compatible with 7 T MRI. Given the growth in 7 T imaging and
expansion of the technology, neurosurgical implants should be constructed with the aforementioned considerations. Cau-
tion must be taken with all implants, especially aneurysm clips, programmable VP shunts, and EEG recording devices. It is
also noteworthy that several implant testing reports did not report following ASTM standards. This scoping review seeks
to concisely summarize all neurosurgical-related implants that have been tested for safety in 7 T MRI.
Evidence Level: 2
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2023;57:661-669.

he use of 7 Tesla (T) magnetic resonance imaging (MRI)
Tof the brain has increased due to its ability to noninva-
sively characterize neoplasms' and differentiate cerebral
microbleeds and vasculature.”” Additionally, 7 T MRI offers
an increased signal-to-noise ratio enabling greater spatial reso-
lution, spectral resolution, and enhanced molecular data com-
pared to 3 T scanners.' Ultra-high-field (UHF) MRI (7 T or
greater) is becoming increasingly common in research and
clinical settings.
UHF MRI use in patients with biomedical implants is
limited by the lack of safety testing available for MRI strength
beyond 1.5 or 3 T. Additionally, UHF imaging is approved

for clinical usage by the Food and Drug Administration
(FDA), but its use does not garner higher reimbursement
rates by health insurance.*”> With increased static magnetic
field strength, caution must be taken as implants not suitable
for MRI can cause radiofrequency (RF) heating burns and
projectile effects, and devices can become incapacitated due
to the magnetic field.® Without this safety testing, many
patients are denied 7 T MRI scans, reducing clinical and
research discovery.” This is especially impactful for neurosur-
gery patients as implants are used extensively in neurosurgery,
and patients undergoing neurosurgery are often target
populations of 7 T imaging research. For example, patients
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undergoing a tumor resection and subsequent cranioplasty
require fixation with plates, screws, and mesh. Additionally,
programmable ventriculoperitoneal (VP) shunts are common
in patients with chronic hydrocephalus, and spinal surgery
frequently utilizes screws, rods, and other fixation devices.

Given the potential complications of imaging implants
and past MRI-related injuries, there are guidelines for device
labeling and parameters for RF heating, translational force,
and torque.”'™'" American Society for Testing and Materials
(ASTM) International and the American College of Radiol-
ogy utilize the following labeling for implants: MR Safe
identifies an object safe in any MRI setting, MR Unsafe
identifies an object contraindicated in any MRI setting, and
MR-conditional identifies an object that is only safe in certain
MRI settings.”'® For example, many titanium aneurysm clips
are labeled MR-conditional and safe only in 3 T or weaker
fields; other clips are labeled MR-conditional, but only at
1.5 T fields'? (mrisafety.com). Other common neurosurgical
implants, such as burr hole covers, meshes for cranial plating,
cranial screws, intracranial stents, intracranial pressure moni-
toring catheters, and intracranial electrodes, do not have
documented safety testing at 7 T (mrisafety.com). Only
implants labeled as MR Safe can be imaged at 7 T; this can
include implants made of silicone, plastic, or other materials
known to be safe in the MR environment.

Many neurosurgical implants have undergone some
degree of safety testing at 7 T MRI. Safety testing of biomed-
ical implants will reduce the number of contraindications for
7 T MRI expanding its use in neurosurgical patient
populations. This systematic review seeks to concisely sum-
marize neurosurgery-related implants tested at 7 T MRI, con-
formity with ASTM standards, and the results of safety
testing. Our scoping review will further allow future manufac-
turers of medical devices to consider specific design con-
straints, such as materials and prior testing, to ensure devices
are compatible with this emerging technology.

Materials and Methods

No IRB approval was necessary nor sought for this study. A system-
atic search was performed. PRISMA reporting guidelines for scoping
reviews was followed. This review was not registered. A priori search
protocol can be obtained upon request to the corresponding author.
Searches were performed using PubMed, MEDLINE, and Web of
Knowledge. We included all study designs, except reviews or meta-
analyses. Databases were searched on July 14, 2022 and applicable
articles written in English were included if published on or before
July 14, 2022. Search terms included 7 T MRI, safety, radi-
ofrequency heating, spinal implants, neurosurgical implants, VP
shunts, aneurysm clips, and electrodes. Search terms were combined
utilizing Boolean operators. While not implantable, electroencepha-
logram (EEG) caps and electrodes were included due to the potential
use in functional MRI studies at 7 T. After removing duplicates,
full-text articles were included if at least one neurosurgery-related
implant was tested at 7 T MRI and at least one safety outcome
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(temperature change, torque, or deflection angle) was reported. We
included human and phantom subjects testing. Each article was

independently screened by two authors.

Data Collection

Data were collected independently by two authors and synthesized
using a spreadsheet. Included devices were categorized by function
(cranial fixation devices, aneurysm clips, spinal rods, pedicle screws,
VP shunts, deep brain stimulation [DBS] devices, and EEG caps
and electrodes) and neurosurgical procedure (cranioplasty, cerebro-

vascular, spinal, shunts, and functional).

Safety Outcomes

Safety outcomes studied were RF-induced temperature change,'
torque,14 and deflection angle.IS The deflection angle served as a
measure of translational force. The spatial magnetic field can pull
ferromagnetic objects toward the isocenter of the MRI scanner caus-
ing injury to the patient or imaging staff.” When the deflection angle
is 45°, the force of gravity is equal to the translation force of the
magnet; if the deflection angle exceeds 45°, the magnet exerted more
force on the object than gravity.9 Thus, a deflection angle less than
45° is considered to have passed the magnetic force criterion.” The
static magnetic field can create torque on an implant causing the
implant to rapidly align itself with the static magnetic field poten-
tially causing tissue damage.” The amount of ferromagnetic material
within a device is related to translational and rotational forces; incor-
rect estimation of ferromagnetic content did lead to death in one
case of a patient with an aneurysm clip.'®'® Devices made of non-
ferromagnetic materials do not cause force-related injuries.'® Tem-
perature change is also a safety consideration. Interaction between
the oscillating electric field from the transmit coil and conductive tis-
sue can increase the temperature of the patient globally and locally
near the implant.'®"" Several RF-induced heating injuries have been
reported.'” Temperature rises of less than 1 °C have been considered
safe in humans,'® and the ASTM International recommends users

define their acceptance criteria.

Results

We identified 18 records that met our inclusion criteria
(Fig. 1). The included studies are summarized in Table 1. In
total, we studied 45 unique implants consisting of cranial fix-
ation devices, aneurysm clips, spinal rods, pedicle screws, VP
shunts, DBS devices, and EEG caps and electrodes (Tables 1
and 2). All studies reported deflection angle, torque, and/or
temperature change, with temperature change most com-
monly reported. Seven studies (38.9%) were reported follow-
ing at least one ASTM testing standard. Limited testing was
performed in human models (Table 2).

Cranial Fixation Implants

Cranial fixation plates, burr hole covers, orbital plates, and
mesh made of titanium or titanium alloy were tested in both
phantoms and humans. Two studies reported following
ASTM International standards. In studies reporting RF
heating, all implants had a change in temperature less than
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PubMed, MEDLINE,
Web of Science
237 non-duplicate
records identified

After removal of
unrelated articles by
abstracts

35 records identified

‘ ’ Screening ‘ ‘ Identification ‘

2 new records added
via citation matching
with reviews

After full text review
30 total records included

|| Etigibility

18 records selected for
inclusion; all studies included
at least one neurosurgery
related implants

Included

FIGURE 1: PRISMA diagram illustrating search strategy.

1 °C.*"** Two studies tested cranial fixation plates and
screws in human models and found no adverse effects related
to heating.'””** Chen et al imaged patients after craniotomy
surgery and found that fully implanted cranial fixation plates
and screws did not have adverse effects with 7 T MRL"
Deflection angle was also found to be acceptable, <7°, in all
studies where reported.”*" Torque categorized as minimal by
Feng et al where burr hole covers, orbital plates, and mini
plates were tested using a qualitative test to evaluate an
implant’s potential rotation.’

Aneurysm Clips

All aneurysm clips were tested in phantom models and two
studies reported following ASTM International standards. RF
heating change exceeded 1 °C when a 45°-angled type,
straight fenestrated type, and long straight type clips were
imaged.”> The greatest temperature increase was seen in the
longest aneurysm clip (51.5 mm).”> Additionally, when two
aneurysm clips were scanned together in varying orientations,
the temperature change exceeded 1 °C in some scenarios.”*
Noureddine et al imaged Mizuho aneurysm clips
(No. 17-001-02, 17-001-92) considered MR-conditional up
to 7 T and found only 17-001-02 to meet regulatory stan-
dards of remaining below 40°C.*> The Yasargil FE 863 K
clip exhibited a very strong torque and a deflection angle
>45°; however, the shorter aneurysm clip (Yasargil FT 790D)
did meet safety standards for deflection angle, torque, and

18
temperature.

Spinal Rods and Pedicle Screws
Medtronic brand spinal rods of lengths ranging from 5 to
20 cm and made from titanium, titanium alloy, or cobalt-

March 2023
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chrome were imaged. All rods had acceptable deflection
angles (<45°) and temperature change (<1 °C).*° At every
length, cobalt-chrome rods had the greatest deflection angle,

26,2
7 and

which increased as length increased.?® Both screws
the cross-linking bridge®® also met safety standards for deflec-
tion angle and temperature. Both studies reported following

ASTM International standards.

VP Shunts

A programmable VP shunt valve and assistant device were
imaged and deemed incompatible with 7 T MRI due to per-
manent loss of the ability to program the valve.””® Addition-
ally, the assistant device was found to have unpredictable
pressure changes when imaged adding to its unsuitability for
7 T MRIL’ Current programmable VP shunts are likely
unsuitable for ultra-high-field imaging. ASTM International
compliance was not reported for either study.

Deep Brain Stimulation Devices

Implantable DBS leads and electrodes were imaged in two
studies, and one study reported following ASTM Interna-
tional standards. All components had temperature increases
<1 °C when tested in phantom models.”**’ Ashok Kumar
et al imaged carbon electrodes and reported a lower tempera-
ture increase of 0.1 °C compared to 0.9 °C when traditional
platinum-iridium electrodes were used.”

Electroencephalogram

Several EEG configurations were tested using electrodes made
of gold or silver/silver-chloride.”®* Angelone et al and
Vasios et al reported large temperature changes with a maxi-
mum of 6.61°C depending on probe location.’”?* The
greatest temperature increases were found at the EEG
paste.””?* When the temperature probe was placed near the
Fpl electrode, temperature increases were much closer to
1 °C, and when the probe was placed centrally in the phan-
tom head, temperature increases were <1 °C.**** The
“InkCap” design described by Vasios et al experienced
reduced heating.®> Additionally, the EEG design with low
conductivity lead wires tested by Gregerson et al did not
exceed 39°C.°>' ASTM International compliance was not
reported for any study.

Discussion

Ultra-high-field MRI of the brain and spine has several clini-
cal applications, including neoplasm, neurodegenerative dis-
ease, epilepsy, and spinal cord perfusion mapping.1’3 3-35
While the number of UHF MRI scanners is rapidly expan-
ding in the United States and globally, 7 T scans may not be
routinely performed, in part due to their similar level of reim-
bursement despite higher cost of equipment. A 7 T MRI is
approved for clinical use by the FDA in extremities and the

brain, but research must continue to demonstrate significantly
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greater utility in comparison to lower field examination to
increase reimbursements.* Current usage of 7 T MRI is also
significantly limited in patients with biomedical implants
such as aneurysm clips, burr hole covers, and pedicle screws.
The timing of our review, therefore, is highly relevant,

Temperature
Change

because in this early stage of technological adoption, and
given the likely increased clinical usage, device manufacturing
companies can leverage the appropriate materials, tools, test-
ing protocols, and equipment to ensure devices are safe in

Torque

S S the higher magnetic field.

MR-conditional status determinations are based on
translational forces, rotational force or torque, and tempera-
ture changes in the subject and at the implant. If an implant
experiences excessive force within the MR system, both
patient and staff safety is at risk. Many implants have under-

Deflection
Angle

S NS SN N gone some degree of safety testing in 7 T MRI, but the rigor
of testing is variable. To ensure safety, clinicians, researchers,
and device manufacturers can follow FDA-recognized con-
sensus standards and testing specifications published by
ASTM International, International Organization for Stan-

Human
Testing

S S dardization, and International Electrotechnical Commis-
sion.’® In this review of 18 studies, only seven (38.9%)
reported following ASTM testing guidelines for any reported
safety variable. There was also inconsistency in reporting of
safety variables; for example, Dula et al reported deflection

angle and torque for a titanium alloy aneurysm clip, while
18,23,24

Phantom
Testing

others provided only temperature for similar clips.
More comprehensive studies of each specific implant and
standardization in reporting of safety testing are necessary for
an implant to be deemed MR Safe or MR Conditional at
7 T and added to a database, such as mrisafety.com. Increas-
ing availability of standardized safety data will help promote

Devices

the utilization of 7 T MRI among patients with biomedical

10

Number of
15

Tested

implants.

Across studies, implant size, shape, and material had
substantial impacts on safety. We noted that cobalt-chrome
and long-type aneurysm clips induced greater temperature
change, and cobalt-chrome spinal rods had greater deflection
angles than their titanium or titanium-alloy counterparts.®>*°

However, too few studies were available to recommend
against certain types of aneurysm clips or metallic composi-
tions. Additionally, it is difficult to provide generalized state-

ments about implant material compatibility, thus each new

burr hole covers, 4 mm
pedicle screws

VP shunt and valve
EEG electrodes and leads

SCrews
bridge,

implant should be individually evaluated.”” The placement

Included Devices

Cranial fixation plates, mesh,
Aneurysm clips

Spinal rods, cross linking
DBS electrodes and leads,

location of the temperature probe also changed safety out-
comes. In EEG studies, probe placement in the EEG paste
resulted in unsafe temperature increases, while placement
near the electrode was more likely to be safe (<1 °().30:32
Across medical specialties, biomedical implants are
sparsely tested. Thelen et al evaluated several ear, nose, and
throat surgical implants and identified several non-

Cranioplasty
Cerebrovascular
Functional

Spinal
Shunts

ferromagnetic implants that were incompatible with 7 T.%

TABLE 2. Number of Implants Tested Per Neurosurgical Specialty/Procedure, Model(s) Tested In, and Safety Data Available

Neurosurgical
Specialty or
Procedure

Limited evaluation has been pursued in the field since 2006.
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http://mrisafety.com

Journal of Magnetic Resonance Imaging

Similarly, despite interest in UHF imaging of the knee, ortho-
pedic implants have undergone limited safety testing, with
few safety outcomes published.”'® In all fields, it would likely
behoove device manufacturers to investigate their devices for
7 T safety.

Overall, the following implants are reported to have
passed the temperature and deflection angle standards: spinal
rods ranging in length from 50 mm to 200 mm and made of
titanium, titanium alloy, or cobalt-chrome; Yasargil FT 790D
aneurysm clip, Mizuho 17-001-02 aneurysm clip, 17-001-22
right-angled type aneurysm clip, titanium cranial fixation
plates, mesh, and screws; and Pt-Ir leads for DBS. However,
most studies did not report torque, thus the risk for rotational
force should be assessed before imaging. Additionally, few
studies addressed the safety of multiple implants in proximity
to each other. Noureddine et al found unsafe rises in temper-
ature when two aneurysm clips were within a phantom.”*
Chen et al found no adverse reactions to heating when crani-
otomy patients underwent 7 T MRL'? Overall, caution is
warranted when a patient has multiple implants, especially
aneurysm clips.

Limitations

The review addresses implant safety but does not discuss arti-
facts or imaging quality when the implant is present. To be
included, a study must have had reported deflection angle,
torque, or temperature change. Many studies did not report
all three variables limiting the information available for a
given implant. Furthermore, studies utilized different models,
including healthy human volunteers, neurosurgical patients,
and phantoms of various compositions, and not all testing
was adherent to ASTM guidelines. Importantly, this review
summarizes implants tested to guide future testing and evi-
dence for which implants may be safely imaged for research

or clinical purposes.

Conclusions

This systematic review summarizes neurosurgery implants
tested for 7 T MRI compatibility and identifies several
implants that do not exceed temperature and deflection angle
standards. For future testing, we recommend following
ASTM guidelines and thoroughly reporting implant composi-
tion, deflection angle, torque, and temperature change.'*™"”
Additionally, the functionality of devices following imaging,
particularly programmable VP shunts, is also critical to evalu-
ate. With increased evidence, more biomedical implants can
be categorized as MR safe or MR-conditional for 7 T.

REFERENCES

1. Shaffer A, Kwok SS, Naik A, et al. Ultra-high-field MRI in the diagnosis
and management of gliomas: A systematic review. Front Neurol 2022;
13:857825.

668

20.

21.

22.

23.

Regnery S, Knowles BR, Paech D, et al. High-resolution FLAIR MRI at
7 tesla for treatment planning in glioblastoma patients. Radiother
Oncol 2019;130:180-184.

Compter |, Peerlings J, Eekers DB, et al. Technical feasibility of inte-
grating 7 T anatomical MRI in image-guided radiotherapy of glioblas-
toma: A preparatory study. MAGMA 2016;29(3):591-603.

Platt T, Ladd ME, Paech D. 7 tesla and beyond: Advanced methods
and clinical applications in magnetic resonance imaging. Invest Radiol
2021,;56(11):705-725.

FDA. 2017. FDA clears first 7T magnetic resonance imaging device.

Kanal E, Froelich J, Barkovich AJ, et al. Standardized MR terminology
and reporting of implants and devices as recommended by the Ameri-
can College of Radiology Subcommittee on MR safety. Radiology
2015;274(3):866-870.

Mirzayan MJ, Klinge PM, Samii M, Goetz F, Krauss JK. MRI safety of a
programmable shunt assistant at 3 and 7 tesla. Br J Neurosurg 2012;
26(3):397-400.

Wrede KH, Chen B, Sure U, Quick HH, Kraff O. Safety and function of
programmable ventriculo-peritoneal shunt valves: An in vitro 7 Tesla
magnetic resonance imaging study. Proc 25th Annual Meeting ISMRM.
Honolulu: ISMRM; 2017. p 584.

Feng DX, McCauley JP, Morgan-Curtis FK, et al. Evaluation of 39 medi-
cal implants at 7.0 T. Br J Radiol 2015;88(1056):20150633.

Tsai LL, Grant AK, Mortele KJ, Kung JW, Smith MP. A practical guide
to MR imaging safety: What radiologists need to know. Radiographics
2015;35(6):1722-1737.

Shellock FG, Crues JV. MR procedures: Biologic effects, safety, and
patient care. Radiology 2004;232(3):635-652.

Shellock FG, Kanal E. Aneurysm clips: Evaluation of MR imaging arti-
facts at 1.5 T. Radiology 1998;209(2):563-566.

F-11a A. Standard test method for measurement of radio frequency
induced heating on or near passive implants during magnetic reso-
nance imaging. West Conshohocken, PA: ASTM International; 2011.

ASTM A. F2213-17: Standard test method for measurement of magnet-
ically induced torque on medical devices in the magnetic resonance
environment. West Conshohocken, PA: ASTM International; 2017.

ASTM A. F2052-15: Standard test method for measurement of magnet-
ically induced displacement force on medical devices in the magnetic
resonance environment. West Conshohocken, PA: ASTM International;
2015.

Klucznik RP, Carrier DA, Pyka R, Haid RW. Placement of a ferromag-
netic intracerebral aneurysm clip in a magnetic field with a fatal out-
come. Radiology 1993;187(3):855-856.

Dempsey MF, Condon B. Thermal injuries associated with MRI. Clin
Radiol 2001;56(6):457-465.

Dula AN, Virostko J, Shellock FG. Assessment of MRI issues at 7 T for
28 implants and other objects. AJR Am J Roentgenol 2014;202(2):
401-405.

Chen B, Schoemberg T, Kraff O, et al. Cranial fixation plates in cerebral
magnetic resonance imaging: A 3 and 7 tesla in vivo image quality
study. MAGMA 2016;29(3):389-398.

Kraff O, Wrede KH, Schoemberg T, et al. MR safety assessment of
potential RF heating from cranial fixation plates at 7 T. Med Phys 2013;
40(4):042302.

Rauschenberg J, Groebner J, Nagel AM, Biller A, Semmler W, Bock M.
MR safety measurements of intracranial fixation devices at 7T.
Stockholm: International Society for Magnetic Resonance in Medicine;
2010. p 778.

Sammet CL, Yang X, Wassenaar PA, et al. RF-related heating assess-
ment of extracranial neurosurgical implants at 7T. Magn Reson Imaging
2013;31(6):1029-1034.

Noureddine VY, Kraff O, Ladd ME, et al. In vitro and in silico assessment
of RF-induced heating around intracranial aneurysm clips at 7 tesla.
Magn Reson Med 2018;79(1):568-581.

Volume 57, No. 3

85U8017 SUOLILLOD 3ATea1D 3edldde ay) Ag peusenob afe Sejoie YO ‘38N JO Sa|nI Joj A%eiq18UlUQ A8]IM UO (SUOTHPUOD-PUe-SWLBI W0 A8 | 1M AleIq U1 UO//SANY) SUORIPUOD PUe SWB 1 84} 88S *[£202/80/ST] Uo AriqiTauliuo A|im ‘Uepi T JO AISeAIUN AQ 67782 MW (/Z00T OT/I0p/wWo™A8 | 1M AIq Ul |uo//Sdny Woiy pepeo|umod ‘€ ‘€202 ‘985222ST



24.

25.

26.

27.

28.

29.

30.

Noureddine Y, Kraff O, Ladd ME, et al. Radiofrequency induced
heating around aneurysm clips using a generic birdcage head coil at
7 tesla under consideration of the minimum distance to decouple mul-
tiple aneurysm clips. Magn Reson Med 2019;82(5):1859-1875.

Tsutsui S, Matsuda T, Takeda K, et al. Assessment of heating on tita-
nium alloy cerebral aneurysm clips during 7T MRI.  AJNR
Am J Neuroradiol 2022;43(7):972-977.

Tsukimura |, Murakami H, Sasaki M, et al. Assessment of magnetic field
interactions and radiofrequency-radiation-induced heating of metallic
spinal implants in 7 T field. J Orthop Res 2017;35(8):1831-1837.

Van Speybroeck CDE, O'Reilly T, Teeuwisse W, Arold PM, Webb AG.
Characterization of displacement forces and image artifacts in the pres-
ence of passive medical implants in low-field (<100 mT) permanent
magnet-based MRI systems, and comparisons with clinical MRI systems.
Phys Med 2021;84:116-124.

Bhusal B, Stockmann J, Guerin B, et al. Safety and image quality at 7T
MRI for deep brain stimulation systems: Ex vivo study with lead-only
and full-systems. PLoS One 2021;16(%):e0257077.

Ashok Kumar N, Chauhan M, Kandala SK, Sohn SM, Sadleir RJ. Devel-
opment and testing of implanted carbon electrodes for electromag-
netic field mapping during neuromodulation. Magn Reson Med 2020;
84(4):2103-2116.

Angelone LM, Vasios CE, Wiggins G, Purdon PL, Bonmassar G. On the
effect of resistive EEG electrodes and leads during 7 T MRI: Simulation

March 2023

31.

32.

33.

34.

35.

36.

37.

Shaffer et al.: Neurosurgical Implant Safety in 7 T MRI

and temperature measurement studies. Magn Reson Imaging 2006;
24(6):801-812.

Gregersen F, Goksu C, Schaefers G, Xue R, Thielscher A, Hanson LG.
Safety evaluation of a new setup for transcranial electric stimulation
during magnetic resonance imaging. Brain Stimul 2021;14(3):488-497.

Vasios CE, Angelone LM, Purdon PL, Ahveninen J, Belliveau JW,
Bonmassar G. EEG/(f)MRI measurements at 7 tesla using a new EEG
cap ("InkCap"). Neuroimage 2006;33(4):1082-1092.

Donatelli G, Ceravolo R, Frosini D, Tosetti M, Bonuccelli U,
Cosottini M. Present and future of ultra-high field MRI in neurodegen-
erative disorders. Curr Neurol Neurosci Rep 2018;18(6):31.

Young GS, Kimbrell V, Seethamraju R, Bubrick EJ. Clinical 7T MRI for
epilepsy care: Value, patient selection, technical issues, and outlook.
J Neuroimaging 2022;32(3):377-388.

Levy S, Roche PH, Guye M, Callot V. Feasibility of human spinal cord
perfusion mapping using dynamic susceptibility contrast imaging at 7T:
Preliminary results and identified guidelines. Magn Reson Med 2021;
85(3):1183-1194.

FDA. 2022. Recognized Consensus Standards. Volume 2022.
U.S. Food & Drug Administration: U.S. Department of Health & Human
Services.

Thelen A, Bauknecht HC, Asbach P, Schrom T. Behavior of metal
implants used in ENT surgery in 7 tesla magnetic resonance imaging.
Eur Arch Otorhinolaryngol 2006;263(10):900-905.

669

85U8017 SUOLILLOD 3ATea1D 3edldde ay) Ag peusenob afe Sejoie YO ‘38N JO Sa|nI Joj A%eiq18UlUQ A8]IM UO (SUOTHPUOD-PUe-SWLBI W0 A8 | 1M AleIq U1 UO//SANY) SUORIPUOD PUe SWB 1 84} 88S *[£202/80/ST] Uo AriqiTauliuo A|im ‘Uepi T JO AISeAIUN AQ 67782 MW (/Z00T OT/I0p/wWo™A8 | 1M AIq Ul |uo//Sdny Woiy pepeo|umod ‘€ ‘€202 ‘985222ST



	 Neurosurgical Implant Safety in 7T MRI: A Scoping Review
	Materials and Methods
	Data Collection
	Safety Outcomes

	Results
	Cranial Fixation Implants
	Aneurysm Clips
	Spinal Rods and Pedicle Screws
	VP Shunts
	Deep Brain Stimulation Devices
	Electroencephalogram

	Discussion
	Limitations
	Conclusions

	REFERENCES


