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Abstract
Purpose: Transmit arrays for body imaging have characteristics of both volume
and local transmit coils. This study evaluates two specific absorption rate (SAR)
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aspects, local and whole-body SAR, of arrays for body imaging at 7 T and also
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Methods: Simulations were performed for six antenna arrays at 7 T and one

3 T birdcage. Local SAR matrices and the whole-body SAR matrix were com-
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was determined by removing all matrices dominated by the whole-body SAR
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matrix.

Results: The results indicate that all RF transmit coils for body imaging in
this study are constrained by the local SAR limit. The ratio between local and
whole-body SAR is nevertheless smaller for arrays with large FOV, as these
arrays also expose a larger part of the human body. By using the whole-body SAR
matrix, the number of local SAR matrices can be reduced (e.g., 33.3% matrices
remained for an 8-channel local array and 89.7% for a 30-channel remote array;
12.1% for the 3 T birdcage).

Conclusion: For transmit antenna arrays used for body imaging at 7 T as well as
for the 3 T birdcage, all evaluated cases show that the local SAR limit was reached
before reaching the whole-body SAR limit. Nevertheless, the whole-body SAR
matrix can be used to reduce the number of local SAR matrices, which is impor-
tant to reduce memory and computing time for a virtual observation points
(VOP) compression. This step can be included as a pre-compression prior to a

VOP compression.

KEYWORDS
local SAR, UHF body imaging, VOPs, whole-body SAR

1 | INTRODUCTION

to influence the B;* distribution by the superposition
of the antenna element fields with different amplitudes
and phases. Not only the magnetic, but of course the

Ultra-high-field (UHF) MRI uses multi-channel RF trans-
mit antenna arrays and parallel transmit (pTx) techniques
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electric field varies with the time-dependent amplitudes
and phases, leading to a different distribution of the
specific absorption rate (SAR) for each set of complex
weightings.! Thus, SAR is now a function of the com-
plex excitation vector u(t) containing all amplitudes and
phases, and not simply a function of total input power as
in single-channel transmit systems.?> With a pre-calculated
set of normalized SAR matrices Q(r), representing the elec-
tric field contribution and dielectric tissue properties of the
human body, SAR can be calculated using the quadratic
form: SAR(r, t) = i) - Q(r) - u(t).? This separation of the
spatial and temporal dependencies allows for the inte-
gration of SAR into pulse optimizations and RF safety
supervision schemes.*>

The IEC guidelines define limits for local RF transmit
coils and for volume RF transmit coils.® Volume trans-
mit coils shall be controlled with conservative estimates of
whole-body SAR, head SAR, and at least one of the follow-
ing: partial body SAR or local SAR. Local transmit coils
shall be controlled by conservative estimates of local SAR
and whole-body SAR. Local SAR is averaged over any 10 g
of tissue in the body (‘10 g-averaged’ or local SAR). The
IEC limits for the global and local SAR aspects for differ-
ent operating modes are defined in the IEC guidelines®
and are reprinted in the supporting information (Table S1).
According to the IEC, multi-channel transmit coils can
have attributes of both local and volume RF transmit coils,
and the appropriate control of SAR depends on the use of
the coil. (In the previous edition 3.2 of the IEC guideline,
volume transmit coils had to be controlled with conserva-
tive estimates of whole-body SAR and partial body SAR,
including head SAR).

Local SAR cannot be measured in vivo during an
MR examination and numerical simulations with realistic
anatomical body models are required to achieve informa-
tion on the field distribution within the body."” Typically,
a SAR matrix (size N. X N, where N, is the number of
transmit channels) for each 10 g-volume in the body is
computed, resulting in a set of several million local SAR
matrices for a whole-body model, which requires large
amounts of memory and computational resources to deter-
mine the maximum local SAR for each RF pulse. There-
fore, local SAR supervision is a major obstacle in the
(real-time) safety supervision of pTx systems. To reduce the
number of matrices, Eichfelder and Gebhard introduced
the concept of virtual observation points (VOPs), where
a compressed set of matrices is computed, reducing the
number of matrices to be supervised from several million
to a few hundred.® However, the compression algorithm
incorporates an overestimation factor, which is defined
as a percentage of the worst-case SAR and leads to an
overestimation in local SAR. In contrast, each global SAR

aspect can be expressed with a single matrix and no VOP
compression is required.

RF transmit antenna arrays can be placed behind the
boreliner and integrated into the MR system. This instal-
lation allows for a higher number of antenna elements
and a larger FOV compared to classical local arrays placed
close to the subject. These antenna arrays expose a large
part of the human body, which raises questions regarding
whole-body SAR.

This study evaluates local and whole-body SAR in var-
ious antenna arrays for body imaging at 7 T MRI. Such
arrays have characteristics of both volume and local trans-
mit coils, and it is common that both SAR aspects are
considered during safety monitoring. For comparison, also
a 3 T birdcage is assessed. Furthermore, the study evalu-
ates the implications of the whole-body SAR aspect on the
local SAR matrix compression.

2 | METHODS

Six 7 T antenna arrays were evaluated in this study,
consisting of 25 cm-long microstrip antennas with mean-
ders (Figure 1).°'? The antenna elements were either
placed close to the body (local arrays) or distant from
the body and integrated into the MR system behind the
bore liner (remote arrays). Remote arrays allow for a
higher number of elements compared to local arrays due
to the increased circumference, but typically expose a
larger part of the human body. The elements can also
be placed in multiple rings, increasing the FOV in the
longitudinal direction, but also increasing the exposed
body mass. In addition, a 2-channel birdcage for 3 T
with 45 cm length was included.!® The simulation model
includes the MR environment consisting of patient table
and bore liner (595mm inner diameter, 10 mm thick-
ness, and &/ = 4.805 and tan(§) = 0.0045 at 297 MHz).'0
The gradient shield (68 cm inner diameter, 122 cm long)
and other metal parts were modeled as perfect elec-
tric conductors. Open boundaries were applied around
the model.

A male body model (34y, height 1.77 m, body mass
70.3kg)!3 was placed with the liver/kidney region in the
center of each antenna model. All configurations were
simulated with the arms placed to the left and right of
the body. In addition, the 30-channel array was simulated
with the arms above the head. EM field simulations were
performed by using CST Studio Suite (Dassault Systémes,
Vélizy-Villacoublay, France). The electric field distribu-
tions and body tissue properties (conductivity and density)
were exported to Matlab, and the local SAR matrices (Qy;)
and the whole-body SAR matrix (Q,) were computed with
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8-channel

Local Arrays

Remote Arrays

FIGURE 1

16-channel

2-channel (3T)

Local (8-channel, 16-channel) and remote (8-channel, 16-channel, 24-channel, 30-channel) 7 T antenna arrays consisting

of 25 cm-long meander microstrip antennas. The remote arrays are placed outside the bore liner of the magnetic resonance patient tunnel.
The 24- and 30-channel arrays consist of three interleaved rings with a 55cm FOV in the longitudinal direction. The two-channel 3 T

birdcage is 45 cm long.

an in-house toolbox:

_1 o(r) zH = =
Qr)= VV_/ 2p(r)E (r)-E(r)ydv

where E is the electric field vector normalized to the trans-
mit signal u(t) in unit V. The integration volume V is
10g for the local SAR matrices and the body mass for
the whole-body SAR matrix.'* With the complex transmit
signal u(t), SAR can be calculated for every time point:

SAR(r. ) = :lrm / i) - Q) - (o) dt.

To analyze which SAR limit is reached first, the ratio of
local to whole-body SAR was calculated with 1 million ran-
dom shims for the complex voltage of the transmit signal
u(t).

Local and whole-body SAR are restricted by different
limits (cf. Table S1). For example, the local SAR limit is
10 W/kg and the whole-body SAR limit 2 W/kg in normal
operating mode and for an averaging time of 6 min. Thus, a
ratio of 5 in the evaluation of local vs. whole-body SAR cor-
responds to an equivalent restriction of both limits; values
above 5 indicate a restriction by local SAR limits.

In this comparison, no VOP compression and there-
fore no overestimation was used in order to evaluate local
SAR without overestimation. However, one configuration

was also calculated with VOPs to show the effect of
different overestimations during the VOP compression on
local SAR. For this purpose, the algorithm by Eichfelder
and Gebhard was used with 2.5, 5 and 10% overestima-
tion of worst-case SAR as well as the hybrid algorithm
presented by Orzada et al. with 0.25 and 1% overesti-
mation. Worst-case SAR, which is the highest SAR any
combination of magnitudes and phases in the complex
excitation vector can reach, is considered for the over-
estimation in an Eichfelder VOP compression® and was
determined by the maximum eigenvalue of all SAR matri-
ces in the body for an eigenvector of unit voltage (||u|| = 1).
The ratio of local to global worst-case SAR was calcu-
lated to evaluate which worst-case SAR is higher and thus
considered for the overestimation in the Eichfelder VOP
compression.

In addition, a reduced set of local SAR matrices was
derived in which all local SAR matrices dominated by the
whole-body SAR matrix were removed. For this, the dif-
ference between the global whole-body SAR matrix and
each local SAR matrix (Qyp — Q;;) was analyzed using the
eigenvalues. If all eigenvalues are positive (matrix positive
semidefinite), the local SAR matrix is completely domi-
nated by the whole-body SAR matrix for all magnitude
and phase combinations and can be removed from the
set of local SAR matrices.? This process can be used as a
pre-compression before the VOP compression.
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3 | RESULTS

Figure 2 shows the distribution of local vs. whole-body
SAR for 15000 out of 1 million random shims. The plot
axes were chosen to include the IEC SAR limits in nor-
mal and first-level operating mode. In all test cases, the
local SAR limit was reached before the whole-body limit.
From all random shims, the ratio local to whole-body SAR
was found to be at least 9.2 for cases with the arms at
the body sides (Figure 3). In this case, the local SAR limit
was reached while the whole-body SAR reached up to

Local 8-channel

80 80
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54% of the associated global limit. The 30-channel config-
uration with the arms above the head and thus outside
the FOV of the RF antenna shows a smaller deviation
between local and whole-body SAR, with local SAR being
at least 8.5 times higher than whole-body SAR (58% of
whole-body SAR when the local SAR limit was reached).
The 24 and 30-channel arrays exhibit a lower minimum
ratio of local to whole-body SAR. Figure 3 also shows the
maximum ratio of local to whole-body SAR, which relates
to the extent to which the local SAR is exceeded when only
whole-body SAR is supervised. For the 2-channel birdcage,

Local 16-channel
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FIGURE 2

Whole-body SAR (W/kg)

Whole-body SAR (W/kg)

Maximum local versus whole-body SAR for 15 000 out of 1 million random shims. The red line indicates operating points

where the IEC local and whole-body SAR constraints are equally restrictive; local SAR is more restrictive above this line. In all cases, the local

SAR limit is reached before the whole-body SAR limit. For visual representation, the random shim vectors were grouped with amplitude up,,y

and uy,y/2, which is most obvious in the plot for the 30-channel array. Although all configurations have results located close to the origin,

with increasing number of channels the random choice of shims concentrates more points at higher SAR values away from the origin due to

the increase in the degrees of freedom. Figure 3 shows the corresponding minimum ratio of local to whole-body SAR from all random shims.
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(A) 20 Minimum ratio of local to whole-body SAR
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FIGURE 3 (A)Minimum and (B) maximum ratio of local to

whole-body SAR from all random shims (see Figure 2). A ratio of 5
corresponds to a local SAR of 10 W/kg and whole-body SAR of
2W/kg (SAR limits in normal operating mode, see Table 1). Values
above 5 in (A) indicate that the local SAR limit is more restrictive.
Values in (B) indicate the maximum local SAR that is induced when
only whole-body SAR is supervised. (C) Ratio of worst-case local
SAR to worst-case whole-body SAR. The worst-case local SAR is
higher in all cases. The ratio for the two-channel 3 T birdcage coil

is 23.

a local SAR of 44.4 W/kg was found when the whole-body
SAR reached its limit of 2 W/kg.

The SAR matrices for the local 16-channel array were
compressed to VOPs with different algorithms and over-
estimations, and the minimum, mean, and maximum
value of the ratio maximum local vs. whole-body SAR

are shown in Table 1 (all other configurations are pre-
sented in Table S2). In addition, the table shows the
results for the uncompressed set of SAR matrices and the
respective number of matrices (uncompressed and com-
pressed). The ratio of worst-case local SAR to worst-case
whole-body SAR is shown in Figure 3C, always showing
a higher worst-case local SAR for all antenna configura-
tions, indicating that the local worst-case SAR will be used
as overestimation during a VOP compression.

Regarding the reduction of the number of local SAR
matrices by the whole-body SAR matrix, a reduction by
66.7% was found for the local eight-channel configura-
tion (from 6185379 to 2269 688 matrices; 2.1 to 0.8 GB).
However, the reduction decreases for arrays with higher
channel count to only 10.3% for the 30-channel array
(6950090 to 6235648 matrices; 31.5 GB to 27.9 GB). The
number of matrices for the 3 T birdcage was reduced by
87.9% (1 248 529 to 151 049; 22 MB to 3 MB). The results are
summarized in Figure 4.

4 | DISCUSSION

Supervision of local SAR is critical in UHF MRI, as
multi-channel transmit arrays in combination with the
shorter RF wavelength can induce high local electric fields
in the subject. However, with the development of antenna
arrays with large FOV for body imaging, the question
arises whether local or whole-body SAR is the most critical
SAR aspect.

The results indicate that all considered RF transmit
arrays for body imaging at 7 T in this study are constrained
by the local SAR limit and that supervision based only on
whole-body SAR would exceed the local SAR limits by sev-
eral times. The deviation between whole-body and local
SAR is nevertheless smaller for arrays with large FOV, as
these arrays expose a larger part of the human body. Nev-
ertheless, consideration of the (single) SAR matrix for the
global SAR aspect increases the computational demand for
safety supervisions only negligibly.

The 3 T birdcage also reached the local SAR limit before
the whole-body SAR limit, with a similar ratio of local to
whole-body SAR as found at 7 T. Similar values (ratios
between 10 and 13) have been reported previously fora 3 T
birdcage with two different body models.!> For a volume
transmit coil such as the birdcage, however, supervision
of the global SAR aspects is sufficient when partial body
is selected instead of local SAR,® which in turn indicates
that potentially a high local SAR is induced when adhering
to only global SAR limits. This result highlights a possi-
ble need for the additional mandatory supervision of local
SAR for volume transmit coils, although the history of safe
use indicates that the local SAR limits may instead need
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16-channel local array configuration: Minimum, mean, and maximum ratio of maximum local SAR (VOPs) versus

whole-body SAR for 1 million random shims. VOP compression was performed with the algorithm by Eichfelder and Gebhard® (10%, 5%,

and 2.5% maximum overestimation of worst-case SAR) and with the hybrid algorithm by Orzada, Fiedler, and Ladd'” (1% and 0.25%

overestimation of mean of all matrices normalized on the minimum real eigenvalue of all matrices). Whole-body SAR is defined with a

single matrix. The evaluation with the uncompressed local SAR matrices is shown as reference. The memory requirement is given for single

precision. Results for the other antenna arrays can be found in Table S2.

Ratio of maximum local to

No. of local whole-body SAR

SAR matrices Minimum Mean Maximum
Eichfelder 10% 106 27.3 67.8 236.0
Eichfelder 5% 429 20.4 59.3 226.5
Eichfelder 2.5% 1771 17.8 55.5 236.0
Orzada 1% 365 15.6 56.2 225.8
Orzada 0.25% 1608 15.6 53.3 240.4
Uncompressed matrices: Full set / full set reduced by 9626832 /3756513 14.8 52.3 230.0

whole-body matrix (memory requirement)
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FIGURE 4 Reduction in the number of local SAR matrices by
checking which are dominated by the whole-body SAR matrix. Of
the arrays, the eight-channel configuration shows the highest
reduction in local SAR matrices to 33.3% remaining matrices.

The 3 T birdcage has only 12.1% remaining matrices.

adjustment. With the evaluation of the maximum ratio of
local to whole-body SAR, we presented information about
the highest local SAR levels during supervision based only
on global SAR.

As shown previously, VOP compression algorithms
increase calculated local SAR due to the incorporated over-
estimation. This overestimation is expected to be smaller
in the future as VOP compression algorithms continue to
improve!®-!8 and new supervision systems are developed
to monitor a higher number of VOPs.!® Therefore, this
study was performed with the uncompressed local SAR
matrices, but results are also presented for compressions
with different overestimation factors, which results in a

(12.1GB / 5.0GB)

higher ratio of local to whole-body SAR, as global SAR
aspects are represented with a single matrix and thus no
compression is necessary.

The whole-body SAR matrix can be used to reduce the
number of local SAR matrices, thus reducing the compu-
tational cost and hardware requirements for VOP com-
pressions, enabling VOP compressions on workstations
with less computing memory and saving hard disk mem-
ory. The step of reducing local SAR matrices and adding
the whole-body SAR matrix to the set of matrices can be
performed as a pre-compression prior to the conventional
VOP compression. The reduction effect is particularly pro-
nounced with the 8-channel arrays, which are currently
the most used configuration for pTx imaging at 7 T and
above, although these arrays are least constrained by the
matrix size and thus computational cost. In contrast, there
is a trend toward a higher number of remaining matri-
ces for arrays with higher channel count, which is related
to the increase in the degrees of freedom in the electric
field. The large degrees of freedom enable a higher pos-
sible local SAR, resulting in more local SAR matrices not
dominated by the global whole-body SAR matrix. This lim-
its the reduction effect for arrays with a higher number of
channels, which also require larger amounts of comput-
ing memory during the VOP compression due to the much
higher matrix sizes, although a 10% reduction in memory
is still relevant considering the large data sets. This effect is
also prevalent in arrays with multiple rings, where a larger
part of the human body is exposed, but the total number of
elements is also increased. As worst-case local SAR is typi-
cally the metric reached first, adding the global SAR matrix
to the set of matrices does not increase the overestimation
in the Eichfelder VOP compression.
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5 | CONCLUSIONS

PTx transmit antenna arrays with large FOV for body
imaging expose a large part of the human body and raise
questions regarding the most critical SAR aspect. For the
antenna arrays used for body imaging at 7 T as well as for
the 3 T birdcage, all evaluated cases show that the local
SAR limit was reached before reaching the whole-body
SAR limit, which highlights the relevance of local SAR
supervision for pTx arrays and volume transmit coils.

Nevertheless, the study demonstrates that the
whole-body SAR matrix can be included to reduce the
number of local SAR matrices, which is important to
reduce memory and computing time for a VOP compres-
sion. This step can be included as a pre-compression prior
to the VOP compression.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. Limits for global SAR aspects and localized SAR
(adapted from IEC 60601-2-33:2022). Local RF transmit
coils are controlled by local SAR and whole-body SAR;
volume RF transmit coils by whole body SAR, head SAR
and at least one of the following: partial body SAR or
local SAR. SAR aspects are given for an averaging time of
6 min. *Determination of partial body SAR according to
IEC 60601-2-33:2022.5

Table S2. In addition to Table 1, this supporting informa-
tion lists the data for all evaluated antenna arrays. Mini-
mum, mean, and maximum ratio of maximum local SAR
(VOPs) vs. whole-body SAR for 1 million random shims.
VOP compression was performed with the algorithm by
Eichfelder and Gebhard® (10%, 5%, and 2.5% maximum
overestimation of worst-case SAR) and with the hybrid
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algorithm by Orzada, Fiedler, and Ladd'” (1% and 0.25%
overestimation of mean of all matrices normalized on the
minimum real eigenvalue of all matrices). Whole-body
SAR is defined with a single matrix. The evaluation
with the uncompressed local SAR matrices is shown as
reference. The memory requirement is given for single
precision.

. . .. 849
Magnetic Resonance in MedlcmeJ—

How to cite this article: Fiedler TM, Ladd ME,
Orzada S. Local and whole-body SAR in UHF body
imaging: Implications for SAR matrix compression.
Magn Reson Med. 2025;93:842-849. doi:
10.1002/mrm.30306

d ‘T *STOT ‘v6STTTST

:sdny wouy

Z{A Aq 90E0E WIW/ZO01 0 1/10p/wod Kapim A

ASUADIT suoWWO)) aANEa1) d[qeardde ayy £q PAUIoAOS are SA[INIE V() SN JO ST 10§ AIRIQIT AUIUQ KI[IA\ UO (SUONIPUOI-PUB-SULIY/WO0 KA[1M" KIRIQT[aUT[U0//:sdNY) SUONIPUOY) PUE SWLIRL, 31 3§ *[SZ0T/L0/1€] U0 Areiqur auruQ Ka[i ‘win.



