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ABSTRACT

Purpose: This study investigates the implications of all degrees-of-freedom of within-scan patient head motion on patient safety.

Methods: Electromagnetic simulations were performed by displacing/rotating a virtual body model inside an 8-channel transmit array
to simulate six degrees-of-freedom of motion. Rotations of up to 20-degrees and displacements of up to 20 mm including off-axis
axial/coronal translations were investigated, yielding 104 head positions. Quadrature excitation, RF shimming and multi-spoke parallel-
transmit excitation pulses were designed for axial slice-selection at 7T, for seven slices across the head. Variation of whole-head SAR
and 10-gram averaged local SAR of the designed pulses, as well as the change in the maximum eigenvalue (worst-case pulse) were
investigated by comparing off-centre positions to the central position.

Results: In their respective worst-cases, patient motion increased the eigenvalue-based local SAR by 42%, whole-head SAR by 60%,
and the 10-gram averaged local SAR by 210%. Local SAR was observed to be more sensitive to displacements along right-left and
anterior-posterior directions than displacement in the superior-inferior direction and rotation.

Conclusion: This is the first study to investigate the effect of all six degrees-of-freedom of motion on safety of practical pulses. While
the results agree with the literature for overlapping cases, the results demonstrate higher increases (up to 3.1-fold) in local SAR for off-
axis displacement in the axial plane, which had received less attention in the literature. This increase in local SAR could potentially affect
the local SAR compliance of subjects, unless realistic within-scan patient motion is taken into account during pulse design.
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INTRODUCTION

Higher field strengths offer increased contrast (1) and signal-to-
noise-ratio (2), which can be leveraged to produce higher image
resolution (3), albeit at the cost of increased scan duration. Patient
motion might become unavoidable especially with longer scans or
less cooperative patients, such as in paediatric imaging (4-7), for
patients with Parkinson’s (8), dementia (9), or Tourette’s syndrome
(10). On the one hand, sedation can be used to address motion-
related problems, but is unethical in research settings (10) and is
invasive. Furthermore, sedation may still yield poor image quality
(4), be refused by patients (9), cause adverse effects (4-6), or affect
the outcomes in some applications such as functional MRI (11,12).
Without sedation on the other hand, up to 13 mm translational
motion and 20 degrees rotation have been reported in studies with
dementia patients (13) and awake paediatric participants (14).
Consequently, it is necessary to ensure the safety of the
participants at UHF, in the presence of patient motion, especially
for patient populations who may not stay still and may move more
than healthy adult participants.

Despite the benefits of UHF-MRI, the wavelength at UHF
strengths becomes comparable to body dimensions, leading to
wavelength / dielectric shading / B1* artefacts causing contrast
variations in the image. Image contrast variations are related to the
excitation; therefore, contrast homogeneity cannot be recovered in
post-processing and need to be corrected during scanning.
Contrast homogeneity can be achieved using parallel-transmit
(pTx) arrays and tailored pulses (15-20). Independent control of
multiple transmit channels has raised concerns over inadvertently
creating local hotspots due to constructive interference of the
electric fields of different channels. Furthermore, several studies
have shown that local SAR limits are reached with lower levels of
input power than global SAR limits (21-23). This motivated the
community to investigate the variation of local temperature and
local SAR (23,24) and use those as a safety constraint in pulse
design (25-29). The reader is referred to review papers for further
information on RF pulse design for inhomogeneity correction at 7T
(15-20).

Radiofrequency (RF) simulations allow us to characterize the
three-dimensional electromagnetic field distribution in much

greater detail than can be obtained via experimental
measurements. Simulations involving human body models (30-32)
are commonly used to obtain realistic spatial distributions of the
specific absorption rate (16). Therefore, RF simulations are
commonly used for safety analysis and design optimization of both

pTx coil arrays and pTx pulse waveforms. The local interactions of

the fields of individual coil elements can be spatially averaged
globally or locally over 1- or 10-grams of tissue and put into matrix
notation. This so-called Q-matrix (33,34) can then be used to
calculate local and/or global SAR for arbitrary pulses. The
maximum eigenvalue of the Q-matrix provides an upper-bound on
the local SAR, and it has been previously used to investigate the
safety of coils (33). However, the maximum eigenvalue is often for
an impractical pulse and is, therefore, over-conservative. Using the
maximum eigenvalue limits pTx performance significantly,
compared to local SAR calculation of practical pulses using the Q-
matrices. SAR calculations can be accelerated by compressing the
Q-matrices using virtual observation points (VOPs) (35). Q-
matrices have been used to constrain local SAR during pulse
design (29) and to calculate real-time SAR on the scanners (36).

Local SAR depends on several parameters including shape and
tissue distribution of the imaged body (24,37), the type of transmit
coil as well as the positioning of the body relative to the coil. Even
though Q-matrices or VOPs can be used to calculate local SAR to
ensure adherence to the safety limits (38,39), simulations prior to
the scan may not reflect the actual scan environment accurately.
Therefore, researchers have proposed using safety factors of 1.25
to account for modelling errors (40), 1.4 (24) or 1.5 (41) for inter-
subject variability, 1.25 (42) or 1.55 (43) for uncertainties in the
hardware, with an additional safety factor of 2 only for the eyes
(42).

Patient positioning in actual scan environments may be different
than that in the computational simulations used for safety
calculations. These differences may be further exacerbated by
patient motion, especially for patient populations who may not stay
still, such as paediatric as well as Parkinson’s, Huntington’s,
Tourette’s, and dementia patients. Patient positioning influences
local SAR as it affects i) loading of individual coil elements, ii)
coupling of coil elements, iii) constructive/destructive interference
of fields from the coil elements inside the tissue of interest, and iv)
the relative position of tissues with respect to individual coil
elements. Le Garrec et al. investigated the effect of displacement
along anterior-posterior and superior-inferior on local SAR,
suggesting a safety factor of 1.5 for RF shimming (41). Wolf et al.
investigated the effect of up to 20 mm of displacement on worst-
case local SAR, and reported up to 14% SAR increase (44). Shajan
et al. investigated the effect of longitudinal shifts on local SAR (45)
whereas Shao et al. studied longitudinal shifts as well as rotations
around the three main axes (46). Murbach et al. have investigated
the variation of local and global SAR with respect to patient
positioning inside a birdcage body coil for displacements along the



axis of the bore for single-channel at 1.5T (47,48) and two-channel
RF shimming at 3T (49,50). Deniz et al. showed that local SAR
increases as coils get closer to the sample for homogeneous
cylindrical and spherical objects (51). Katscher et al. showed 82%
increase in overall SAR for a fixed two-dimensional Cartesian
excitation trajectory when the coil array is rotated around a
homogeneous spherical object (52). However, these studies
focussed on different subsets of the six degrees-of-freedom of
motion, and the effect of all six degrees-of-freedom of motion on
local SAR has not yet been investigated for practical pulses.

This study investigates the implications of within-scan patient
motion on patient safety. For this purpose, electromagnetic
simulations were performed by changing the relative position of a
virtual body model with respect to a generic 8-channel transmit
array. All six degrees-of-freedom of motion were considered by
displacing the body up to 20 mm along and rotating the body up to
20 degrees around the three Cartesian axes. Off-axis motion was
also considered by displacing the body in axial and coronal planes.
SAR consequences of displacements were investigated for i)
quadrature excitation, ii) RF shimming and iii) multi-spoke parallel-
transmit pulses that were designed for axial slice selection in head
imaging at 7T. We investigated the change in i) peak local SAR, ii)
the eigenvalue-based worst-case local SAR, and iii) whole-head
SAR. The results showed that actual 10-gram averaged local SAR
is more sensitive to motion than whole-head SAR and eigenvalue-
based local SAR, and up to 210% increase in peak local SAR was
observed due to patient motion, highlighting the need to consider
patient motion in SAR compliance analysis.

METHODS
Electromagnetic (EM)

Sim4Life (Zurich MedTech AG, Zurich, Switzerland) using the

virtual body model Ella (30) for 104 different relative positions of

simulations were performed using

the body model with respect to the coil structure. 43 off-centre
positions were 1 mm, 2 mm, 5 mm, 10 mm, 15 mm, 20 mm towards
right or inferior; 1 mm, 2 mm, 5 mm, 10 mm towards posterior; +1°,
+2°, £5°,10°, 15°, 20° in pitch; 1°, 2°, 5°, 10°, 15°, 20° in roll; and
1°, £2°, £5°, £10°, £15°, +20° in yaw (Figure 1a). Values were
limited in posterior and pitch to avoid an overlap between coil
elements and the model. A further 60 off-axis positions were
generated by changing the relative position of the model towards
both right and inferior, and both right and posterior using a
combination of the given shift values. The above values report the
relative motion of the body model with respect to the coil structure,
with positive rotation values denoting clockwise rotation around left

for pitch, anterior for roll and superior for yaw.

In EM field simulations, moving the body model may introduce
two sources of error. First, changing the relative position of the
model with respect to the voxelization grid may affect how tissues
that are smaller than the voxel size are discretized. This may
change the effective EM properties of the voxelated model, leading
to inconsistencies in field calculations across different positionings.
Secondly, registering the fields at different body positions to the
original position requires three-dimensional interpolation. To avoid
both potential sources of error, the coil structure was displaced
instead.

The part of the body model inside the computation domain
(Figure 1b) consisted of 47 different organs and tissues including
the CSF and the shoulders as previously recommended (44). To
ensure consistency across our investigations, a discretization of 2
mm isotropic resolution was enforced for the vectorized body
model. The local SAR at the edge of the computation domain was
verified to be always at least 30 dB lower than the spatial
maximum. A generic 8-channel coil model was simulated (Figure
1b, 8 loops, 40 mm width, 110 mm height, 230 mm inner diameter,
3 mm microstrip width). Each coil element had four slots distributed
around the loop; three used for 4.2 pF capacitors to tune the coll
elements to the simulation frequency of 295 MHz and the fourth to
model the feed port. The output resistance of the feed port was set
to 6 Q to approximately match the average real part of the input
resistance across the coil elements at the centred position. This
yielded at least 10 dB return loss across all ports at the centred
position. Tuning capacitor and port resistance values were kept
constant across simulations. At the centred position, the minimum
distance between the head and the closest coil elements was 16,
34, 17, 37 mm on the posterior, left, anterior and right sides,
respectively, allowing rotations between —5° and 30° in pitch, and
between —30° and 40° in roll. Moving the coil structure with respect
to the voxelization grid can alter the properties of the loops, similar
to the body model (as discussed in the previous paragraph). To
minimize this effect, automatic high-resolution adaptive
voxelization with 1 mm maximum voxel size was used for the coil
elements. Finer voxel resolutions were also simulated for a subset
of positions, which confirmed the sufficiency of the voxelization
resolution used. The displacement of the coil array was executed
automatically by the solver. To guard against modelling errors, coil
elements were manually checked against connectivity and
voxelization issues for all positions, and exported fields were
verified to vary smoothly (with respect to changes in position).

Because the number of voxels allocated for the coils increases for



rotations to ensure connectivity, between 6.5 million and 30 million
voxels were created depending on the orientation of the coil model.
The accepted input power (beyond the feed port-coil interface) in
each channel was normalized to 1 W. This simulates a feedback
circuitry that keeps the accepted power the same, thereby
overriding imperfections in coil matching at the feed ports and any
positional dependencies thereof. Coil loading and coil coupling as
well as changes in these due to motion were inherently
incorporated in the results. Field and tissue density data were
mapped onto a predefined grid that encloses the head (size:
180x215x250 mm) and exported to Matlab (The Mathworks Inc.
Natick, MA, USA), leading to consistent voxelization across all
cases. Voxel-wise Q-matrices (34) were calculated using:

1
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where p(r) is the tissue mass density (kg/m®), E,,,, (V/m) and J,,
(A/m?) are complex electric field and current density, respectively,
along axes u=x, y or z with v =i or j being the index of the
transmit channel, and the superscript H denotes Hermitian
conjugation. Entries of the Q-matrix were averaged over 10-grams
of tissue with cubical volumes (53). Because the three-dimensional
local SAR distribution itself is of interest, virtual observation points
(35) were not used in this study.

Small-tip angle pulses were designed in Matlab using an
adaptation of the Matching Pursuit guided Conjugate Gradient
algorithm (54) for parallel-transmit pulse design and the pulse
design parameters defined for the ISMRM RF Pulse Design
Challenge (55) unless specified otherwise. The cost function was
defined as the sum of normalized root-mean-squared error in the
excitation profile and the RF power, the latter regularized by a
Tikhonov parameter, 1 (56). An |-curve analysis was performed to
characterize the trade-off between profile error and RF power for
two and three spoke pulses, and consequently, 4 =0.5 was
chosen. The algorithm selected a predefined number of spokes
(Ns) on a 11x11 k-space grid (k, — k,) with 8k, = 6k, = 4m™".
The k, = k,, = 0 spoke was enforced as the first spoke. During the
iterations, the candidate spoke was added to the set of selected
spokes, followed by the calculation of the channel-weights through
minimization of the cost function using the Conjugate Gradient
Descent algorithm (57). The best candidate was selected via
Matching Pursuit (58). Then the channel-weights were re-
optimized while relaxing the phase of the target profile (59). More
detail on the algorithm can be found in (60). Time-optimal
trapezoidal gradient waveforms (61) and sinc pulse envelopes

were used for slice selection along z (62). Variable-rate selective

excitation technique was used to reduce whole-head SAR and
local SAR below 3.2 W/kg and 10 W/kg, respectively (63). A total
of 56 pulses were designed (28 pTx and 28 quadrature excitation)
with Ns = 1 (RF shimming in the case of pTx), 2, 3 or 5 spokes for
each of the seven axial slices shown in Figure 1c separately. Pulse
parameters were, maximum Bi*, 30 uT; maximum gradient
amplitude, 40 mT/m; maximum gradient slew-rate, 140
mT/m/msec; Nc: number of coils, 8; At, dwell time, 5 us; pulse time-
bandwidth, 4; slice thickness, 10 mm; flip-angle, 30°; excitation field
of view, 180 x 215 x 250 mm; excitation matrix size, 122 x 151 %

140; TR, 1 s; slice separation, Az=18 mm.

Three different SAR metrics were calculated to analyse the
safety effect of within-scan patient movement: (i) Local SAR refers
to the three-dimensional 10-gram averaged local SAR distribution
with the peak spatial value of it denoted by psSAR, (ii) hdSAR is
the whole-head SAR calculated over a volume of 4.02 x 1073 m3
and a mass of 4.4 kg, (iii) eigSAR is the maximum eigenvalue of
the Q-matrix. SAR results throughout the study were always
normalized with their corresponding values at the head-centred
position, unless specified otherwise. These SAR metrics were used
to compare three different RF excitation scenarios: (i) Quadrature
excitation mode combines the individual channels with equal
amplitudes and progressive phases of 45-degree increments
(channel weights were not optimized, 1-/2-/3-/5-spoke quadrature
pulses were designed), effectively creating a single-channel
volume coil, (i) RF shimming optimizes the amplitudes and phases
across each channel independently, leading to a 1-spoke pTx
pulse, (i) multi-spoke pulses optimize the amplitudes and phases
independently across channels and across each spoke of 2-/3-/5-
spoke pTx pulses. All pulses were designed to homogenize the in-
slice excitation profile.

In order to identify the SAR implications of within-scan patient
movement, RF pulses were designed using the B1*-maps and the
Q-matrices at the centred position. Then, the peak spatial SAR of
the pulse at the centred position (psSAR cenire) Was compared to the
psSAR at the off-centre positions. Also, psSAR centre Was used as a
threshold for the three-dimensional local SAR distribution at the
position that yields the highest psSAR increase, to characterize the
size of the region that was exposed to higher local SAR than
estimated initially. The volume of the region exposed to a higher
level of SAR than estimated was reported in cubic centimetres.
While psSAR and hdSAR are pulse/slice/position dependent,
€igSAR is a value intrinsic to how the coil model and the body
model are positioned with respect to each other. Hence, eigSAR
yields the psSAR of the worst pulse for a position regardless of



whether that worst-case pulse is desirable in terms of its flip-angle
distribution or not.

In this paper, we treat the quadrature mode as if a single-
channel coil was used. This interpretation effectively changes the
coil model and reduces the entries of the Q-matrix at each voxel
from NcxNc to 1x1 scalars. Therefore, psSAR becomes
equivalent to eigSAR, and its variation with motion becomes
independent of the number of spokes and the slice position. The
two metrics are equivalent only for this particular case, where the

coil model was treated as a single-channel coil.

Comparison of the three SAR metrics

Because eigenvalue-based local SAR calculations set an upper
limit on local SAR, using the largest eigenvalue across all positions
would ensure keeping local SAR under the limits. However,
eigenvalue-based local SAR estimation is often impractically over-
conservative and limits pTx performance. Further 5768 pulses
(quadrature/parallel-transmit, 1-/2-/3-/5-spoke, seven slices) were
designed to get a homogeneous in-slice excitation profile at each
off-centre position, yielding 5824 pTx pulses in total. To compare
the three SAR metrics, the duration of each pulse was adjusted
such that i) its whole-head SAR was 3.2 W/kg, ii) its peak local SAR
was 10 W/kg, and iii) its eigSAR was 10 W/kg, and the hdSAR and
psSAR values were compared to the safety limits of 3.2 W/kg and
10 W/kg, respectively. Note that this comparison does not involve
any motion or normalization with the SAR values at the centre but
investigates different initial patient positions and assumes
knowledge of the corresponding Q-matrix at each position.

RESULTS
Quadrature excitation mode

In the quadrature excitation mode, the relative weights of
individual channels were fixed, making the setup akin to a single-
channel volume coil such as those used in standard (non-pTx)
operational modes of 7T scanners. The quadrature excitation
mode is considered a much safer setup than those that allow
independent control of individual channels, and guidelines
recommend using whole-head SAR for supervision in this setup.
Nevertheless, a region with a volume of 57 cm® was exposed to
higher local SAR due to motion (Figure 2b), the location of the local
hotspot changed (Figure 2a), and we observed a 2.1-fold increase
in peak local SAR while the change in whole-head SAR remained
below 5% (Figure 3). Note that because the relative weights of the

channels are fixed the relative variation of all SAR metrics due to

motion are independent of the target imaging slice and the number
of spokes for quadrature mode.

RF-shimming

Both local SAR and whole-head SAR were observed to be more
sensitive to motion for RF shimming than the quadrature mode.
The worst case was observed for RF shimming in mid-brain, in
which case the local hotspot moved from the left temple to the right-
posterior part of the head (Figure 4a), and a region with a volume
of 79 cm® was exposed to higher local SAR (Figure 4b). While
eigSAR and hdSAR increased by up to 42% and 33% (data not
shown) in their respective worst-cases, respectively, and by 42%
and 10% for the case in Figures 4-5, the peak local SAR increased
by up to 2.4-fold (Figure 5). For RF shimming, seven pulses were
designed, with peak local SAR increasing by more than 50% in all
cases and the increase being more than 100% for five pulses. The
worst-cases for eigSAR and hdSAR were different than that of
psSAR. This shows that the sensitivity of each parameter to patient
motion is different, highlighting that peak local SAR (psSAR)
cannot be substituted by the others.

Multi-spoke pulse design

Multi-spoke pulses were more sensitive to patient motion than
RF shimming and quadrature excitation. Figure 6 compares the
local SAR distribution after motion to the maximum local SAR
before motion (psSAR) for 2-spoke, 3-spoke and 5-spoke pulses.
The largest region exposed to higher local SAR was for the 5-spoke
pulse with a volume of 263 cm?3, whereas the highest increase in
peak local SAR was for the 3-spoke pulse, in which case the peak
local SAR increased by 3.1-fold (Figure 7).

Because eigSAR compares the worst pulses for each location,
the estimated SAR increase for the multi-spoke pulses was the
same as the RF shimming case (Figure 5), and therefore, it was
omitted. While the whole-head SAR and peak local SAR showed
similar variations (Figure 7, Supporting Information Figures S2 and
S3), the change in whole-head SAR underestimated the increase
in peak local SAR, as whole-head SAR increased by up to 60%,
60%, and 18%, whereas the peak local SAR increased by up to
2.6-fold, 3.1-fold, and 2.2-fold for the 2-, 3- and 5-spoke pulses,
respectively. Across the 21 multi-spoke pTx pulses peak local SAR
increased by 50% or more for 13 pulses (62%), by more than 100%
for 5 pulses (24%), and by more than 150% for 3 pulses (14%).

The local SAR increased mainly in the regions that get closer to
the coils as expected. However, this is not a trivial dependence on
coil-to-tissue distance, as it depends on the relative power applied



through each channel and the corresponding interference of the
electric fields of the channels. This is highlighted by the differences
between the worst-case displacement scenarios (R: 20 mm for the
2-spoke pulse vs R: 20 mm & P: 10 mm for the 3-spoke and 5-
spoke pulses, Supporting Information Figure S1) and the location,
size and shape of the regions exposed to increased local SAR.
Furthermore, the maximum increase in psSAR was not observed
for the head position with minimum distance between the tissue
and the nearest coil element for the 2-spoke pulse, supporting the
notion that the change in local SAR depends on channel weights
rather than just the coil-to-tissue distance.

Comparing the SAR metrics for all 28 pTx pulses showed that
whole-head SAR substantially underestimated the variation in peak
local SAR (Figure 8). While rotational motion led to less than 40%
variation in psSAR for all pulses, psSAR more than doubled for
several motion types and pulses. EigSAR variation is the same as
shown in Figure 5, and hence, omitted in this figure.

The variation in peak local SAR due to motion was more extreme
than hdSAR and eigSAR. The SAR metrics for all 28 pulses were
normalized by their respective values at the centred position and
sorted in decreasing order with respect to psSAR (Figure 9a). The
eigenvalue approach yielded a maximum increase of 42%, which
is similar to previous literature (41), while hdSAR yielded a higher
60%. Both eigSAR and hdSAR
underestimated the increase in peak local SAR, which increased

maximum increase of
by up to 3.1-fold. Furthermore, eigSAR does not provide
information about the actual pulse and the variation of eigSAR is
substantially different than that of psSAR. In fact, for some cases
where psSAR more than doubled, eigSAR estimated around 10%
increase (magnified inset, panel a). Although hdSAR showed a
similar overall variation to psSAR, the metrics are not always
consistent. As an example, for two cases in which hdSAR
increased by approximately 10%, psSAR doubled on one and
decreased by 10% in the other.

PsSAR also showed larger reductions (39%) compared to
hdSAR (Figure 9a), even at positions where hdSAR increased. For
40% of the off-centre positions investigated, the relative change in
hdSAR was up to 43% higher than the change in psSAR compared
to the values at the centre, while the relative change in peak local
SAR was up to 121% higher for 60% of the positions (Figure 9b).
Even though setting psSAR equal to 10 W/kg at the centre led to
hdSAR exceeding 3.2 W/kg by less than 6% for both quadrature
and parallel-transmit (Figures 9c-d), this overshoot depends on the
coil model.

When hdSAR was set to 3.2 W/kg at the centre, psSAR
exceeded 10 W/kg in 73% of the cases with quadrature excitation
and almost all pTx cases. Peak local SAR values of up to 21 W/kg
and 81 W/kg were observed for quadrature and parallel-transmit
(Figures 9e-f). When psSAR at the centre was set to 10 W/kg,
psSAR at other positions exceeded the limit in 64% and 62% of the
cases, yielding as high as 31 W/kg for parallel-transmit.

Comparison of the three SAR metrics

The SAR metrics were compared for a total of 5824 pulses
designed for each setup, each slice and each positioning. When
hdSAR was used as the sole safety metric and set to 3.2 W/kg in
the head at each position, local SAR was observed to be as high
as 20.4 W/kg and 41 W/kg, exceeding the limit in normal operation
mode in 86% and 99.5% of the cases for quadrature and parallel-
transmit, respectively (Figure 10b). HISAR exceeded 3.2 W/kg by
up to 8% in less than 15% of the cases for quadrature, and in a
minority of the cases for parallel-transmit (Figure 10a) when psSAR
was set to 10 W/kg. EigSAR overestimated SAR compared to both
metrics; when eigSAR was used as the safety metric, hdSAR was
at or below approximately 12% of its limit, and psSAR was
overestimated by between 2.6-fold and 17.1-fold for parallel-
transmit (Figure 10d). On average, eigSAR overestimated psSAR
by 6.9-fold, and hdSAR underestimated psSAR by 1.8-fold.

DISCUSSION

The aim of this study was to investigate the effect of within-scan
patient motion on SAR-related patient safety at ultra-high field. A
virtual body model was simulated at 104 relative positions inside
an 8-channel transmit array. Quadrature excitation, RF shimming,
and multi-spoke pTx pulses were designed for axial slice-selection
for seven different slices throughout the brain. Up to 3.1-fold
increase was observed in 10-gram averaged peak local SAR due
to patient motion, and the peak local SAR increased by more than
100% for one-third of the designed pulses. Peak local SAR was
observed to be more sensitive to displacement in the axial plane
than displacement along superior-inferior direction and rotation of
the head.

Single-channel volume coils are generally assumed to be much
safer than parallel-transmit due to the limited degrees of freedom,
and guidelines prescribe whole-head SAR control rather than local
SAR. Here, we investigated the quadrature excitation mode, which
essentially makes the parallel-transmit coil similar to a single-
channel coil. In this case, the results demonstrated a 2.1-fold
increase in peak local SAR and up to 21 W/kg peak local SAR for
the coil model used.



The sensitivity of peak local SAR to patient motion increased as
more degrees of freedom were introduced into pulse design, with
RF shimming being more sensitive than quadrature and multi-
spoke pTx pulses being the most sensitive to patient motion.
However, the sensitivity of SAR to patient motion did not increase
with the number of spokes of a multi-spoke pulse. There are two
potential reasons for the non-monotonic change of sensitivity to
motion with the number of spokes. First, the pulse optimization
method re-optimizes the channel weights for the previously
selected spokes when a new spoke location is selected. Therefore,
while the first two spokes of a 3-spoke pulse are the same as a 2-
spoke pulse for the same slice, the channel weights are different.
Second, the changes due to motion reported in this paper are
relative rather than the absolute local SAR values. Thus, even
without re-optimization of the channel weights, the last spoke might
be individually less sensitive to patient motion than the preceding
spokes, leading to a less pronounced overall relative change with
respect to the centred position than a pulse with a lower number of
spokes. SAR variations were investigated for pulses designed for
seven slices across the brain, but no specific brain region could be
identified, for which the SAR of the designed pulses are more
sensitive to patient motion.

For parallel-transmit, peak local SAR was observed to be more
sensitive to patient motion than eigenvalue based worst-case SAR
estimates (eigSAR) and whole-head SAR. Eigenvalue-based SAR
estimates are independent of the number of spokes and the target
slice, and do not provide practical information about the actual
pulse. Furthermore, the location of the volume of tissue with
eigSAR may be completely different from the location where the
peak local SAR is observed. Therefore, the pattern of variation of
eigSAR was significantly different than those of whole-head SAR
and peak local SAR. Because eigSAR finds the upper limit of local
SAR for each position of the body model, using eigSAR with an
appropriate safety margin for motion would ensure the local SAR
compliance of all pulses designed here. However, eigSAR can be
significantly over-conservative, which will hamper the performance
of parallel-transmit systems. EigSAR was compared to the actual
peak local SAR (psSAR) for 2912 pTx pulses, yielding between
2.6-fold and 17.1-fold overestimation. On the average, eigSAR
overestimated psSAR by 6.9-fold. Hence, using online local SAR
supervision with amplitude and phase information instead of the
eigenvalue approach makes it possible to better utilize the benefits
and the flexibility of the pTx systems. However, the discrepancies
between the computational model and the subject including the
effect of patient position becomes more important, as peak local

SAR was observed to be more susceptible to patient motion than
eigSAR.

Whole-head SAR generally followed similar patterns of variation
with the peak local SAR, although the maximum increase observed
was much lower at 60%, as opposed to the 210% increase in peak
local SAR. The difference in values, and dissimilarities in variation
are due to the integration of the deposited power over the whole
head for hdSAR. Even though the regions that were exposed to
increased levels of local SAR were on the order of a couple of
hundred cubic centimetres for various cases, the drop in local SAR
in the rest of the head mitigated the increase in whole-head SAR,
leading to dissimilarities between the two safety parameters. As an
example, for two cases in which whole-head SAR increased by
approximately 10%, peak local SAR increased by 100% in one
case and decreased by 10% in the other.

The accepted power in each channel was normalized to 1 W in
this study, overriding the reflections at the interface between the
feed port and the coil for coil feeding purposes. This effectively
simulates a feedback system that maintains the accepted power
across cases and coils. However, not all the power is delivered to
the body model as it is partially radiated, dissipated in the lumped
elements of the coil element, or dissipated in the lumped elements
and sources of the coupled coil elements. The reflections at the
coil-port interface due to imperfect matching were included in coil
coupling calculations. Coil matching and tuning were performed
only at the centred position and the effect of positional variations
on coil loading, coil matching and tuning, and coil coupling were
inherently incorporated in the results (except for the scaling of the
accepted power that partly overrides the effects of coil matching).
These variations affect the electromagnetic field distributions, and
consequently, local SAR. Furthermore, the ratio of the power that
was delivered to the body to the total accepted power changes,
leading to variations in whole-head SAR. Other coil designs such
as shielded coils, overlapping loops, microstrip coils, and antenna
elements may behave differently. Having a feedback system that
maintains the accepted power regardless of positional variations
may not necessarily be realistic. To investigate the effect of this
normalization, the power delivered to each coil before
normalization was investigated for the centre position and the
position with maximum translation in the axial plane, and was
observed to vary by less than +8% across simulations, which is
relatively minor compared to the 60% increase in whole-head SAR
and 210% increase in peak local SAR.

In addition to whole-body SAR supervision, safety guidelines
recommend whole-head and local SAR supervision for volume and
local transmit coils, respectively, and specifying appropriate SAR



control for pTx depending on usage as pTx coils have attributes of
both types of coils (64). Even though psSAR showed more extreme
increases due to motion than hdSAR, one metric cannot
necessarily be substituted by the other due to the dissimilarity
between the metrics. In the cases where motion was simulated,
psSAR exceeded 10 W/kg by up to 2.1-fold (quadrature) and 8.1-
fold (pTx) when hdSAR was used as the sole safety metric, and
psSAR increased more rapidly than hdSAR in 60% of the cases.
However, hdSAR either increased more rapidly or decreased less
rapidly than psSAR in 40% of the cases. In the case without motion,
where pulses were designed for and evaluated at each position,
psSAR and hdSAR both exceeded their respective limits, when the
other metric was used as the sole safety metric. While across both
cases (with and without motion) hdSAR exceeded 3.2 W/kg less
often than psSAR exceeded 10 W/kg, this is partly due to the coil
model used here. For a coil that yields lower peak local SAR for
the same level of hdSAR, this dissimilarity between motion
sensitivity of the metrics could lead to hdSAR exceeding 3.2 W/kg
more if peak local SAR is used as the sole safety metric. These
comparisons of the SAR metrics here showed that neither whole-
head SAR,
conservative than the other, highlighting the necessity of using both

nor peak local SAR were consistently more
metrics in pulse design.

In the literature, Le Garrec et al. conducted a probabilistic
analysis of local SAR variations and reported that a safety margin
of 1.5 is unlikely to be exceeded (41). However, only translations
along anterior-posterior and superior-inferior were considered out
of all six degrees-of-freedom of motion. Here, our results for
translation along those two directions are in agreement with (41).
Nevertheless, we observed the largest increases in local SAR for
simultaneous motion along both anterior-posterior and right-left,
plausibly because these types of motion move the body closest to
the coil elements. Wolf et al. investigated the effect of up to 20 mm
of displacement on eigSAR and reported up to 14% increase (65).
Here, we have observed up to 42% variation in eigSAR. The
differences may be attributed to differences in computational
models used. Murbach et al. have investigated the variation of local
and global SAR with respect to patient positioning inside a birdcage
body coil for displacements along the axis of the bore for single-
channel at 1.5T (47,48) and two-channel RF shimming at 3T
(49,50). The variations in SAR in these studies were more extreme
compared to our results as the effect of imaging different parts of
the body rather than patient motion was investigated. Boulant et al.
reported less than 10% variation in local SAR due to longitudinal
shifts, which is in agreement with our results as we observed that

local SAR was less sensitive to shifts in superior-inferior direction
than anterior-posterior and right-left (45).

Here, we showed that a within-scan positional variation could
cause a 3.1-fold increase in peak local SAR. This increase was
observed for a realistic pulse designed for homogeneous slice-
selection rather than an impractical worst-case pulse. The peak
local SAR variations reported here relate to when the patient
position changes during the scan, and do not take other
computational-experimental mismatches into account. An
important such mismatch is a difference in initial patient positioning
in the computational models used for safety calculations and the
actual scan. The effect of a potential underestimation due to this
mismatch could further exacerbate the peak local SAR variations
reported here. Therefore, we propose that the effect of positional
uncertainty on local SAR should be investigated in more detail,
especially when creating online safety supervision tools/models for
coils.

Our study has limitations. All 6 degrees-of-freedom of motion
were investigated, as well as off-axis motion in axial and coronal
planes, yielding a dataset with 104 positions in total. However, the
rotations were around the centre of the coil rather than a pivot point
in the neck and the head was translated in the posterior direction
rather than anterior, potentially rendering these cases unrealistic
for patients lying in supine position. Furthermore, the dataset is far
from being comprehensive as other combinations of degrees-of-
freedom of motion were not investigated here, and nor were other
body models. The simulations were conducted for a generic coil
model and therefore, the 3.1-fold peak local SAR increase
observed in this study should not be used as a local SAR
compliance margin for a different coil. Nevertheless, we believe
that more comprehensive simulations are required to ensure local
SAR compliance of parallel transmit coils and pulses. In practice,
scanners use VOPs for online local SAR supervision to determine
the local SAR compliance of a sequence. However, due to the
extensive resources required for the simulations, a limited number
of body models / positions are used for creating the VOPs.
Nevertheless, to ensure local SAR compliance of a sequence in
the presence of motion, VOPs that incorporate multiple body
models simulated at multiple locations are highly likely to be
required for online supervision, in addition to clearer
communication of the cases considered in these simulations to the
end-users. Efforts towards SAR compliance can also be improved
by incorporating simulations at multiple locations for a limited but
more realistic range of body motion with an automatic scan

shutdown if excess motion is detected.
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Figure 1: (a) All six degrees-of-freedom of motion and two off-axis displacements were studied. Images indicate how the body model
moves relative to the coil. Grey and yellow shaded head models represent the original position and the farthest off-centre position,
respectively. Markers and lines indicate the centre of the body model for cases with displacement and the central axis of the body model
for cases with rotation. Longer lines indicate the case without motion. (b) Relative position of the body model with respect to the coil
elements in the central position is shown. The shoulders were included in the simulations but excluded in the view here. (¢) Pulses were

designed for the presented seven axial slices. Slice thicknesses are not to scale.



Quadrature excitation
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Figure 2: Three-dimensional comparisons show how local SAR changes with patient motion in the quadrature excitation mode. The worst-
case increase was observed for R: 20 mm, P: 10 mm motion as indicated in the inset in the top row. (a) The local hotspot (intersection
of the three planes) moved from the anterior to the posterior part of the brain. (b) The highlighted regions demonstrate where local SAR
after motion exceeded the estimated peak local SAR (psSAR entre) at the centred position, more than doubling in the red-shaded region.

The demonstrated changes are independent of the slice position and the number of spokes.
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Figure 3: The variation of psSAR and hdSAR due to patient motion when the coil is used in the quadrature excitation mode. Because the
coil was treated as a single-channel coil in the quadrature excitation mode, psSAR is equivalent to eigSAR and the variation of all three
SAR metrics due to motion is independent of target slice and number of spokes. While the variation in whole-head SAR was below 5%,
psSAR increased by up to 2.1-fold in the quadrature excitation mode due to patient motion.
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Figure 4: Three-dimensional comparisons show how local SAR changes with patient motion for RF shimming. The worst-case increase
was observed for R: 20 mm, P: 10 mm motion as indicated in the inset. The highlighted regions demonstrate where local SAR exceeded
the estimated peak local SAR (psSAR) at the centred position. Peak local SAR increased by 2.4-fold due to motion.
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Figure 6: Three-dimensional comparisons show how local SAR changes with patient motion for three multi-spoke pulses. The worst-case
increase was observed for R: 20 mm displacement for the 2-spoke pulse and R: 20 mm, P: 10 mm displacement for the 3-spoke and 5-
spoke pulses. The highlighted regions demonstrate where local SAR exceeded the estimated peak local SAR at the centred position
(psSAR). For the 2-spoke pulse, the local hotspot was in the right-anterior part of the brain whereas for the 3-spoke and 5-spoke pulses,
it was in the right-posterior part. The local hotspots did not change position for the three pulses shown here due to motion (local hotspots
shown in Supporting Information), although the peak local SAR increased (a) 2.6-fold for the 2-spoke pulse, (b) 3.1-fold for the 3-spoke

pulse, and (c) 2.2-fold for the 5-spoke pulse.
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Figure 7: The variation of whole-head and peak local SAR due to patient motion for a 3-spoke pulse (target slice shown on bottom right).
EigSAR (same as in Figure 5), yielded a maximum increase of 42% whereas hdSAR increased by up to 60%. However, both metrics
underestimated the actual increase in peak local SAR (psSAR), which increased by up to 3.1-fold.
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Figure 8: The variation of hdSAR and psSAR due to patient motion are compared for the 28 pTx pulses designed for the centred model.
Whole-head SAR substantially underestimated the variation in peak local SAR, with the latter more than doubling for several cases. For
any type and amount of motion, the area between the minimum and maximum SAR values across the 28 designed pulses were shaded
in the same colour as the markers that identify the motion case (e.g., purple shading for R:10 mm, A:-2 mm cases in leftmost panels).
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Figure 9: The variation of the SAR metrics due to motion for the pulses designed for the centre position are compared. (a) SAR metrics
for the pTx pulses were normalized with their respective values at the centred position and sorted in decreasing order with respect to the
change in psSAR. The maximum increases observed were; eigSAR, 42%; hdSAR, 60%; and psSAR, 210%. (b) In 60% of the cases
investigated for pTx pulses, psSAR was up to 121% more sensitive to positional variations relative to hdSAR, and in 40% of the cases,
hdSAR was up to 43% more sensitive relative to psSAR. (c-f) Panels compare how hdSAR and psSAR vary due to motion when either
hdSAR or psSAR is used as the sole safety metric for quadrature (single-channel) and parallel-transmit pulses. Peak local SAR exceeded
10 W/kg in 62% of the cases when psSAR at the centre was set to 10 W/kg, and in almost all cases when hdSAR at the centre was set
to 3.2 W/kg, for parallel-transmit.
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Figure 10: The SAR metrics eigSAR, psSAR and hdSAR are compared for all 5824 pulses (quadrature/parallel-transmit, 1-/2-/3-/5-spoke
pulses, seven slices, 104 positions). For each pulse, sequence parameters were adjusted to yield (a) psSAR = 10 W/kg, (b) hdSAR = 3.2
W/kg, (c-d) eigSAR = 10 W/kg. When hdSAR was used as the sole safety metric and set to the limit (3.2 W/kg), peak local SAR values
as high as 41 W/kg were observed (b). In a limited number of cases, using local SAR as the sole safety metric led to hdSAR exceeding
the limit by up to 8% (a). EigSAR overestimated peak local SAR and whole-head SAR by at least 2.6-fold and 8.5-fold for parallel-transmit,

respectively.
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SUPPORTING INFORMATION FIGURES
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Supporting Information Figure S1: Three-dimensional comparisons show how local SAR changes with patient motion for three multi-
spoke pulses. The worst-case increase was observed for R: 20 mm displacement for the 2-spoke pulse and R: 20 mm, P: 10 mm
displacement for the 3-spoke and 5-spoke pulses. For the 2-spoke pulse, the local hotspot was in the right-anterior part of the brain
whereas for the 3-spoke and 5-spoke pulses, it was in the right-posterior part. The location of the local hotspots did not change
considerably for the three pulses shown here, although the peak local SAR increased (a) 2.6-fold for the 2-spoke pulse, (b) 3.1-fold for
the 3-spoke pulse, and (c) 2.2-fold for the 5-spoke pulse.
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Supporting Information Figure S2: The variation of whole-head and peak local SAR due to patient motion for a 2-spoke pulse (target slice
shown on bottom right). Whole-head SAR (hdSAR) increased by up to 60%, whereas peak local SAR (psSAR) increased by up to 2.6-
fold. Peak local SAR increased when the head moved towards right but decreased towards the posterior direction. In fact, the maximum

increase in psSAR was not observed when the head was closest to the coils (R: 20 mm, A: -10 mm), but at R: 20 mm.

Distance [mm]

Distance [mm]

Distance [mm]

Left(-) - Right(+) Posterior(-) - Anterior(+) Inferior(-) - Superior(+) Rotation
o 1.2 legend for legend for 1 legend for | 142 )
£ < < > B! = | £
o DC51.15 ¥ A0 % R0 ] ® Pich | 115 &
T | i
% g 11 ® -2mm ® 2mm e L ® Yaw | 1.1 %
T 1.05 ® -5mm ® 5S5mm Py I ® L] L") 1.06 B
_.-?, = ® -10mm e 10mm Pl o == .*n e, &
% % ® 15mm | 1 %
*  20mm
% 0.95 ! 0.959§
0.9 1 0.9
i L
10 20 10 -5 0 -20 -10 0 -20 0 20
Distance [mm] Distance [mm] Distance [mm] Rotation [7]
Left(-) - Right(+) Posterior(-) - Anterior(+) Inferior(-) - Superior(+) Rotation _
| ]
o 2.2 ; y legend for - | legend for legend for ' 2.2 o
e mé * A0 * RO ® Pich |2 G:§
5| &8 ® -2mm ® 2mm ® Yaw | {142
— g 1.6 ,\&'. -5mm ® 5mm e e el e t 11.8 a
L e _10mm . e 10mm =
(o] xr 14 * 15mm 114 ¢
— << d *  20mm o * <
%] | | %}
N 12 —_ =" = A1.2 4
o 3 " 8 a
‘ = ‘*" e o0 '.7 - i
0 10 20 -10 -5 0 -10 0 -20 0 20

Rotation [7]

Supporting Information Figure S3: The variation of whole-head and peak local SAR due to patient motion for a 5-spoke pulse (target slice
shown on bottom right). Whole-head SAR (hdSAR) increased by up to 18%, whereas peak local SAR (psSAR) increased by up to 2.2-
fold.
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