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Abstract

Background: MRI exams for patients with MR-conditional active implantable medical devices
(AIMDs) are contraindicated unless specific conditions are met. This limits the maximum specific
absorption rate (SAR, W/kg). Currently, there is no general framework to guide meeting a lower
SAR limit.

Purpose: To design and evaluate a workflow for modifying MRI protocols to whole-body SAR
(WB-SAR <0.1 W/kg) and local-head SAR (LH-SAR <0.3 W/kg) limits while mitigating the
impact on image quality and exam time.

Study Type: Prospective.

Population: Twenty healthy volunteers on head (7 =5), C-spine (n7 =5), T-spine (7 =5), and L-
spine (7 =5) with IRB consent.

Assessment: Vendor-provided head, C-spine, T-spine, and L-spine protocols (SARgT) were
modified to meet both low SAR targets (SAR| ow) using the proposed workflow. in vitro SNR and
CNR were evaluated with a T1-T, phantom. in vivo image quality and clinical acceptability were
scored using a 5-point Likert scale for two blinded readers.

Field Strength/Sequences: 1.5T/spin-echoes, gradient-echoes.

Statistical Analysis: In vitro SNR and CNR values were evaluated with a repeated measures
general linear model. in vivo image quality and clinical acceptability were evaluated using a
generalized estimating equation analysis (GEE). The two reader’s level of agreement was analyzed
using Cohen’s kappa statistical analysis.

Results: Using the workflow, SAR limits were met. LH-SAR: 0.12 + 0.02 W/kg, median (SD)
values for LH-SAR were 0.12 (0.02) W/kg and WB-SAR: 0.09 (0.01) W/kg. Examination time did
not increase <2x the initial time. SARgT SNR values were higher and significantly different than
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SAR| ow (P < 0.05). However, no significant difference was observed between the CNR values
(value = 0.21). Median (IQR) CNR values were 14.2 (25.0) vs. 15.1 (9.2) for head, 12.1 (16.9) vs.
25.3 (14.2) for C-spine, 81.6 (70.1) vs. 71.0 (26.6) for T-spine, and 51.4 (52.6) vs. 37.7 (27.3) for
L-spine. Image quality scores were not significantly different between SARrt and SAR ow
(median [SD] scores were 4.0 [0.01] vs. 4.3 [0.2], P> 0.05).

Data Conclusion: The proposed workflow provides guidance for modifying routine MRI exams
to achieve low SAR limits. This can benefit patients referred for an MRI exam with low SAR MR-
conditional AIMDs.

Level of Evidence: 1

Technical Efficacy Stage: 5

MAGNETIC RESONANCE IMAGING (MRI) examinations of patients with active
implantable medical devices (AIMDs), such as pacemakers and deep brain stimulators
(DBS), pose several safety-related risks. The potential risks that arise from the interaction of
the AIMD with the MRI’s magnetic fields can induce irreversible device or tissue damage.
For instance, the static magnetic field (Bg) can cause the device to move due to displacement
forces and torques. The gradient and radiofrequency (RF) fields can induce currents that can
cause device vibration and heating.! RF-induced heating is one of the principal safety
concerns, as it can damage both the AIMD and the surrounding tissue. Additionally, during
an MRI examination, the AIMDs can malfunction, leading to an unintended deliver of the
AIMD therapy. Technical guides such as ISO/TS 10974 and IEC 60601-2-33 are available

to guide assessment of the level of interactions of the AIMD with the MRI magnetic fields.
2,3

This testing provides insight to the expected risks during an MRI exam, which are needed to
guide labeling of the device as: MR-safe, MR-conditional, or MR-unsafe. Currently, AIMDs
are only available with MR-unsafe or MR-conditional labeling. Per US Food and Drug
Administration (FDA)-approved device labeling, patients with MR-conditional AIMDs
should not be scanned unless specific safety conditions are met.#° These device-specific
limits may include: 1) B field strength [T]; 2) By field spatial gradient [T/m]; 3) the time-
rate-of-change of the magnetic field [dB/dt]; 4) deactivation of the device therapy (MR-
mode); 5) scanner reported specific absorption rate (SAR, W/kg); and 6) limits the total scan
duration, the sequence duration, or the time between sequences.

To date, the rate of implantations of MR-conditional AIMDs is increasing.® Therefore, it is
important that MRI clinics have strategies to make MRI protocols that meet device labeling
readily available. Currently, however, while the AIMD conditions are provided by the device
manufacturer (eg, SAR <0.1 W/kg), there is limited available guidance to meet these
conditions. Routine MRI exams of patients without AIMDs are often performed under
normal operating mode, where whole-body SAR and local-head SAR are restricted to <2
W/kg and <3.2 W/kg.2 Thus, routine protocols are typically optimized to the highest
achievable image quality under normal operating mode. On the other hand, to avoid RF-
induced heating, MR-conditional AIMDs have specific SAR limits that are typically well
below the normal operating mode SAR limit. For instance, some DBS devices are only

J Magn Reson Imaging. Author manuscript; available in PMC 2021 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinez et al.

Theory

Methods

Page 3

approved for MRI with whole-body SAR (WB-SAR) <0.1 W/kg.” Consequently, routine
protocols need to be modified to meet the AIMD’s specific SAR condition.

To modify a protocol to meet a specific SAR limit several sequence parameters can be
modified.8 The two simplest modifications to reduce SAR are to increase repetition time
(TR) and to reduce flip angle (FA). Modifying these sequence parameters, however, can alter
image contrast, extend scan time, and alter overall image quality. Furthermore, because SAR
is patient-dependent,® modifying protocols on-the-fly to meet a patient-specific SAR target
can be time-consuming. To date, there exists limited guidance for modifying MRI protocols
to meet low SAR targets while limiting the impact on image quality. Hence, MRI exams for
patients with AIMDs who have low SAR conditions may be deferred owing, in part, to
uncertainty about how to meet the SAR restriction.

Previous research has demonstrated the feasibility of creating a head-specific MRI protocol
with WB-SAR limits of 0.1 W/kg while maintaining image quality.1%-13 To date, however, a
general workflow that can guide meeting a specific SAR limit while limiting the impact on
image quality is not available. The purpose of this work to design and evaluate a workflow
for modifying routine MRI protocols with a low WB-SAR (0.1 W/kg) and local-head (LH-
SAR, 0.3 W/kg) targets while mitigating the impact on image quality or scan time.
Independent of the type of AIMD (eg, pacemaker or neurostimulator), head and spine
protocols are the most common clinical referral.14 Therefore, vendor-provided protocols for
head, C-spine, T-spine, and L-spine were modified to meet WB-SAR <0.1W/kg and LH-
SAR <0.3 W/kg.

SAR is defined as the average rate of energy deposited by the RF field and absorbed by the
tissue. The whole-body SAR refers to the average over the whole mass, whereas local-SAR
refers to the average over 10 grams. According to the IEC, under normal operating mode the
temperature increase shall not increase >1°C during 6 minutes of RF application.2

Reducing the power produced by the RF coil generally means that the SAR will be lower,
but also impacts the MR signal. The MR signal depends on the tissue relaxation, the
sequence type, and depends on a complex relationship between several sequence parameters.
Therefore, while it is possible to reduce SAR without negatively affecting the MR signal,
increases in scan time may be needed. According to Hecker et al,1®> SAR depends on the RF
pulse type and the rate of RF pulse repetition. In general, SAR increases with: an increasing
flip angle (a), a decreasing TR, an increasing number of RF pulses per TR, increasing turbo
factor, a higher number of slices per TR, or a decreasing number of concatenations (splitting
of multislice volumes into smaller groups). A schematic of each parameter is shown in Fig.
1 and their limit modifications are stated in Table S1 in the Supplemental Material.

The majority of MR-conditional devices have labeling for 1.5T only. Therefore, the SAR
reduction workflow was designed and image acquisition was performed using a clinical 1.5T
scanner (Siemens, Erlangen, Germany, Avanto Fit). Vendor-provided head, C-spine, T-spine,
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and L-spine protocols were modified for each subject until the scanner reported WB-SAR
<0.1 W/kg and LH-SAR <0.3 W/kg using the following workflow.

Workflow Design

The workflow was designed to modify sequences from a vendor-provided MRI protocol
with a routine SAR (SARRT) level to meet a specific SAR limit in an iterative manner
subject to three principal and ordered restrictions: 1) minimize changes in image contrast; 2)
limit each sequence’s increased duration to <2x; and 3) limit the decrease of in-plane spatial
resolution to an increase in in-plane voxel dimensions <2x. The workflow consists of two
iterations: the first one is focused on SAR reductions and the second iteration is dedicated to
improving scan time. SAR depends on many sequence parameters. The ones considered for
modification, with their respective limits, are summarized in Table S1 in the Supplemental
Material. All of these parameters were modified sequentially and their modification
followed this specific order.

The workflow starts by evaluating the patient-specific scanner-reported SAR value at the
scanner’s console. If the SAR value exceeds the target, then a parameter from the SAR
parameter list is selected and modified in a stepwise manner. If the SAR target is not reached
and the parameter limit has been reached, then the subsequent parameter is selected until
reaching the target SAR value. After SAR modification and given that the scan time may
exceed >2x the initial time, a second iteration can be used to meet the imposed time criteria.
Note, however, that some sequences cannot be modified to reach the SAR target using this
workflow. In this case, a surrogate sequence is needed.

Protocol Modification

The vendor-provided routine protocols (SARgkT) for the head, C-spine, T-spine, and L-spine
(Table 1) were first modified to create baseline low-SAR protocols (SAR| gw) using a T1-T»
phantom (Model 130, QalibreMD, Boulder, CO). The phantom was placed in the scanner.
Images were acquired for head and C-spine protocols using a 20-channel receive-only head
coil. A 24-channel receive-only spine matrix coil was used for T-spine and L-spine
protocols. All RF transmissions used the body coil. Height and weight registered in the
console were set up to match male values (70 kg, 170 cm).16

In Vitro Image Quality Assessment

To evaluate changes in image quality due to protocol parameter differences between the
SARRgT and SAR| ow protocols, signal-to-noise ratio (SNR) maps and contrast-to-noise ratio
(CNR) values were measured using 10 repeated image acquisitions and a T1-T, phantom.1’
To calculate SNR and CNR values, two regions of interest (ROIs) were placed in a single
central slice in regions where the contrast approximates gray-matter/white-matter
(T1:980/710 msec, T,:80/74) for the head protocols, and CSF/spinal cord (T1:4273/780
msec, T»:1577/101) for the C-spine, T-spine, and L-spine protocols,18:19

In Vivo Image Acquisition

Twenty healthy volunteers (1 =20) provided signed statements of informed consent and
were enrolled under an Institutional Review Board (IRB)-approved protocol (five volunteers
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per exam region, 10/10 male/female, mean [standard deviation, SD] height and weight were
176.3 [9.5] cm and 76.3[21.8] kg, respectively). Low-SAR protocols used the baseline
phantom protocol as a starting point. The subject-specific in vivo protocol adjustments were
made following the workflow and recorded. The subject-specific scanner reported WB-SAR
and LH-SAR for both protocols and were recorded for each volunteer.

In Vivo Image Quality Assessment

Image quality was evaluated based on clinical acceptability scores provided by two expert
radiologists. To compare clinical acceptability, the acquired images were stripped of
identifying information and presented in a randomized order to each radiologist, who
independently evaluated image quality on a 5-point Likert scale. The scoring scale (Table 2)
accounted for both image quality and clinical acceptability using an index: 1 (extremely
poor), 2 (poor), 3 (fair), 4 (good), and 5 (excellent).

Statistical Analysis

A repeated measures general linear model was used to evaluate differences in SNR and CNR
for the SARRT and SAR| ow protocols. In addition, the level of agreement between the two
radiologists was analyzed using Cohen’s kappa statistical analysis (Null hypothesis: Scoring
agreement between the two reviewers occurred by chance. Hence, a significant P[P < 0.05]
implies that the scoring agreement was not just by chance). Moreover, a generalized
estimating equation analysis (GEE) was performed to evaluate differences on image quality
and clinical acceptability for SARrt and SAR ow-

Results

Protocol Modification

The workflow designed to modify routine MRI protocols to reach a specific SAR target is
shown in Fig. 2. The list of sequences evaluated for each anatomical region is outlined in
Table 1 and detailed parameters changes to achieve the SAR_ oy protocols are shown in
Tables S2-S5 in the Supplemental Material. Using the T1-T, phantom, the SARgT protocol
for head, C-spine, T-spine, and L-spine were successfully modified to reach the desired SAR
limits (WB-SAR <0.1 W/Kg and LH-SAR <0.3 W/Kg). Only the T1-weighted spin echo
(SE) sagittal sequence for the head did not reach the SAR target. Therefore, it was replaced
with a gradient echo (GRE) sequence. After modification, sequences in the SAR| ow
protocol increased <2x in duration and spatial resolution decreased >0.5x. For the T, SE
coronal sequence of the head protocol and all of the T-spine sequences, with the exception of
the T, TSE sagittal sequence, the number of slices were reduced to half to reach the SAR
limits. The total scan times for the SARgT and SAR|_ow protocols in the phantom were
[min: sec]: Head —19:33 vs. 22:35; C-Spine — 23:40 vs. 26:54; T-Spine —20:58 vs. 25:36; and
L-Spine — 20:06 vs. 25:35.

In Vitro Image Quality Assessment

SNR maps and CNR values acquired with the T1-T, phantom are shown in Figs. 3 and 4,
and Table S6 in the Supplemental Material. In general, lower SNR was observed in
SAR[ ow. Compared with SARRT, the SNR percentage of SAR| ow (median [IQR])
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decreased for head (-22.8 [9.3] %), C-spine (—28.4 [18.4] %), T-spine (-26.4 [14.4] %), and
L-spine (—43.6 [45.6] %). For all regions, the SNR values within the SARgT ROIs were
higher and significantly different from the SAR| oy ROIs (P < 0.05).

Protocol parameter modifications can increase or decrease CNR. As shown in Figs. 3 and 4,
increasing TR increased CNR for the SAR| ow T2-weighted sequences compared to SARRT;
while (as expected) the opposite effect was observed on the T1-weigthed sequences.
Compared to SARRT, the CNR percentage of SAR| ow (median (IQR)) increased for the C-
spine protocol (93.3 [207.8] %); whereas it decreased for the L-spine protocol (-1.74 [56.4]
%), the head protocol (=7.4 [60.3] %) and the T-spine protocol (=8.7 [48.4] %). However,
CNR values between all the sequences of both protocols were not significantly different (P=
0.21).

In Vivo Image Acquisition

Protocol definitions started from the low SAR protocol refined in the phantom experiments,
then patient-specific protocol parameter adjustments were performed using the defined
workflow and recorded (Table S7 in the Supplemental Material). in vivo images were
acquired with the SARgT and SAR| oy protocols and are compared in Fig. 5. Parameters for
the SARRT protocol were not modified for in vivo acquisition; hence, the scan time
remained constant, whereas the parameters for SAR| gy protocols were adjusted per
volunteer. The recorded scan time for each protocol was [min: sec (SD)]: 24:09 (1:09) for
head; 27:52 (0:42) for C-Spine; 29:16 (0:14) for T-Spine; and 27:48 (1:43) for L-Spine.

For the SAR| ow protocol, only the T1-SE sagittal sequence for the head region was
replaced by a GRE-based sequence. Nevertheless, the SAR limit was successfully reached
for all volunteers for all sequences and all anatomical regions. As expected, the recorded
SAR values were higher and significantly different for SARgT compared with SAR| ow (P <
0.05). WB-SAR and LH-SAR values for the SARgT and SAR| o protocols are reported in
Fig. 6. A general trend was observed for SARgT and SAR| oy protocols: WB-SAR was less
constraining for the head and C-spine protocol, whereas LH-SAR was less constraining for
T-spine and L-spine protocols. Volunteer median [IQR] WB-SAR values were greater for
SARRT VS. SAR| ow protocols for head (0.21 [0.17] W/kg vs. 0.04 [0.02], < 0.05), C-spine
(0.45[0.3] W/kg vs. 0.1 [0.01], A< 0.05), T-spine (1.12 [0.04] W/kg vs. 0.1[0.01] W/kg, P<
0.05), and L-spine 1.28 [0.05] W/kg vs. 0.1[0.01] W/kg, P < 0.05). Similarly, median [IQR]
LH-SAR values were also greater for SARgT vs. SAR| ow protocols for head (1.10 [0.78]
W/kg vs. 0.24 [0.01] W/kg, P< 0.05), C-spine (0.98 [0.63] W/kg vs. 0.21 [0.03] W/kg, P<
0.05), T-spine (0.18 [0.2] vs. 0.02 [0.03] W/kg, P< 0.05), and L-spine (<0.001 W/kg vs.
<0.001 W/kg, P<0.05).

In Vivo Image Quality Assessment

Image quality scores are shown in Figs. 7 and 8. The results show that both experts tended to
score both SARRT and SAR| ow images towards clinically acceptable scores (probability of
acceptable scores: 95%) and a significant agreement regarding the quality of the images was
found (level of agreement 69%, K = 0.11, £< 0.05). On average, SARgT images received
higher scores than SAR| ow images. Median [IQR] scoring values for SARgt vs. SAR ow
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were 4.0 [1.0] vs. 3.9 [0.5] for head; 4.5 [0.5] vs. 4.0 [0.5] for C-spine; 4.3 [0.5] vs. 4.0 [0.5]
for T-spine, and 4.3 [0.5] vs. 4.0 [0.4] for L-spine. Image quality scores were not statistically
significant between SARgT and SAR| o protocols (P> 0.05). The SAR| gw protocols were
scored as clinically acceptable when modifying MRI protocols with the proposed workflow
to meet low SAR targets.

Discussion

A workflow to modify routine MRI protocols to meet SAR limits for patients with MR-
conditional AIMDs was designed and evaluated. To reach a defined low SAR target,
sequence parameters were iteratively and sequentially modified up to a specific parameter
limit to avoid substantial changes in image quality and scan time increases of <2x. Images
were acquired for 20 healthy volunteers at four different body regions (five volunteers per
exam region) with routine (SARRkT) and low SAR (SAR| ow) protocols. SARgT and

SAR| ow protocols were also evaluated in a phantom experiment.

MRI exams for patients with AIMDs can be challenging. Unlike conventional examinations,
interactions between the MRI scanner and AIMDs raise safety concerns.2® RF-induced
heating of the device is a principal safety concern. Device heating leads to thermal energy
deposition in the tissue surrounding the AIMD and can lead to tissue damage. To mitigate
the amount of energy deposited, SAR is limited to a specific threshold for MR-conditional
AIMDs.

In order to avoid compromising patient safety, MR-conditional AIMDs have manufacturer-
specified conditions of use. Thus, when meeting the device’s specific conditions, no adverse
effects for the patient are expected during an MRI exam. Since 2011,2122 3 rapidly growing
number of MR-conditional AIMDs has been approved by the FDA. Therefore, it is
increasingly important that MRI clinics have available MRI protocols that assure a risk-free
examination.23-25 Within such protocols, the AIMD’s device characteristics are examined
before and after an MRI exam, and SAR is controlled to within a target value throughout the
MRI examination as indicated for each AIMD.

Currently, however, a wide range of SAR conditions exist and these conditions can have
SAR limits as low as <0.1 W/kg. Routine examinations seldom reach such low SAR values
by default. Hence, each protocol requires parameter modification until reaching the target
SAR value. SAR depends on the patient’s body habitus, the anatomical region under
examination, and the type of imaging sequence applied. Modification of the protocol while
examining a patient is time-consuming and may contribute to a prolonged MRI exam with
poorer clinical and patient acceptance. Consequently, when patients with MR-conditional
AIMDs that have low SAR conditions are referred for an MRI scan, the examination may be
deferred.

Low-SAR head examinations for patients with DBSs have been created in previous studies
by modifying the RF pulse width0 or by reducing the flip angle and phase resolution!3

without affecting image quality. However, they do not provide sufficient guidance for MRI
clinics to refine their own low SAR MRI protocols for any anatomical region. The purpose
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of this work was to propose a general method to reduce SAR with a scan time duration that
is routinely observed in the clinic. The workflow was evaluated on head and spine protocols
because these regions correspond to among the most common clinical MRI exam referrals.
14.22 1n general, the low SAR modified protocols were systemically longer than the routine
protocols, but fall within routine clinical MRI exams, often performed within 20-60
minutes.24 Each sequence duration within the protocol increased <2x relative to the initial
sequence duration.

High-SAR protocols are typically observed, for example, for SE-based sequences with short
TRs.15 In this work, only the T1-weighted SE sagittal sequence for the head protocol did not
reach the low SAR target. Consequently, a GRE-based sequence was used as a surrogate.
GRE sequences generally have lower SAR due to the lower intrinsic flip angle and therefore
require less modification to reach a low SAR limit. Sequences common in cardiac
examinations, like balanced steady-state free precession (bSSFP), with very short TR and
high flip angle, however, would be hard to refine for low SAR due to their unique T1/T»
contrast and the lack of a suitable sequence surrogate. Hence, low SAR bSSFP protocols
remain an open challenge despite some recent work in this area.28

In vivo images acquired for both protocols suggest that image quality is lower for the
SAR| ow protocol compared to the SARRgT protocol, but clinical acceptability was not
significantly compromised and was still considered acceptable. SNR and CNR values were
not measured in vivo due to the difficulties of doing this well when using parallel imaging
and to avoid subject-dependent differences for repeated scans. Routine clinical MRI exams
are often performed within 20-60 minutes.24 The low SAR modified protocols are longer,
but fall within this duration. Each sequence duration within the protocol increased <2x
relative to the initial sequence duration.

LIMITATIONS.

The suggested workflow starts by modifying the RF-pulse type, but some MRI systems may
not include low-SAR RF pulse types. Second, to reach the SAR limit, in some sequences the
slice coverage was reduced. The corresponding sequence can be reacquired to cover the
missing volume, but this extends scan time. Third, parameter modification is performed by
modifying one parameter at a time until a given limit. The modification can be improved by
computationally optimizing SAR-dependent sequence parameters to meet a specific SAR
target. Implementation of this optimization, however, is beyond the scope of this work.
Lastly, the study did not analyze the effect of AIMD-induced artifacts on image quality and
the impact of the low SAR protocols on image artifacts. Further work is needed to evaluate
AIMD-induced image artifacts. This work also examined an especially low SAR target.
Hence, it can be expected that higher targets can be achieved with even less impact on image
quality, but this was not investigated. Further work is also needed to provide guidance for
other anatomical territories and to evaluate image quality in clinical patients.

Conclusion

A workflow to modify MRI protocols to reach a low SAR target for patients with AIMDs
was defined and evaluated. The modified MRI protocols achieve WB-SAR <0.1 W/kg and
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LH-SAR <0.3 W/kg simultaneously. For the low-SAR modified protocols, image quality
was considered clinically acceptable and the protocol duration increased less than 2x. The
proposed workflow may benefit patients referred for an MRI exam that have AIMDs with
low SAR conditional labeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 2:

(a) Workflow to reduce SAR to a target SAR value. The workflow consists of two iterations.
The first iteration modifies SAR-dependent parameters following a specific order (b). To
mitigate the impact on image quality, a limit is defined for each parameter. Once the SAR
limit is reached, and if the sequence time exceeds <2x, the second iteration modifying time-
dependent parameters (c) until a given limit. Note: For T1-weighted SE sequences, the TR
limit was up 720 msec, which allowed for additional subject-specific protocol modifications

to meet the subject-specific scanner reported SAR target.
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FIGURE 3.

In vitro SNR maps and CNR values for standard (SARgt) and low-SAR (SAR_ow)
protocols for head (a) And C-spine (b) Anatomical regions. Note: Asterisk corresponds to
the regions in which CNR calculations were performed.
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In vitro SNR maps and CNR values for standard (SARgt) and low-SAR (SAR_ow)
protocols for T-spine (a), and L-spine (b). Anatomical regions. Note: Asterisk corresponds to
the regions in which CNR calculations were performed.
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low-SAR (BLUE) protocols for (a) T-spine and (b) L-spine.
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TABLE 2.

Five-Point Likert Scoring Scale for Scoring Image Quality and Overall Clinical Acceptability

Acceptability Quality index
Clinical unacceptable 1  Extremely poor  Extremely noisy/inadequate image contrast. Not clinically useful.
2 Poor Substantial image noise/insufficient image contrast. Clinical use is not advised.
Clinical acceptable 3  Fair Noisy images/poor image contrast. Clinical use somewhat impacted.
4 Good Minor image noise/sufficient contrast. Clinical interpretation not adversely effected.
5 Excellent Very little image noise. Expected image contrast. Clinically acceptable.
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