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Abstract

Purpose: To acquire accurate volumetric multi-channel B maps in under 14 s
whole-brain or 23 heartbeats whole-heart for parallel transmit (pTx) applica-
tionsat 7 T.

Theory and Methods: We evaluate the combination of three recently proposed
techniques. The acquisition of multi-channel transmit array B} maps is accel-
erated using transmit low rank (TxLR) with absolute B;“ mapping (Sandwich)
acquired in a B} time-interleaved acquisition of modes (BITIAMO) fashion.
Simulations using synthetic body images derived from Sim4Life were used to
test the achievable acceleration for small scan matrices of 24 x 24. Next, we eval-
uated the method by retrospectively undersampling a fully sampled B library
of nine subjects in the brain. Finally, Cartesian undersampled phantom and in
vivo images were acquired in both the brain of three subjects (8Tx/32 receive
[Rx]) and the heart of another three subjects (8Tx/8Rx) at 7 T.

Results: Simulation and in vivo results show that volumetric multi-channel B}
maps can be acquired using acceleration factors of 4 in the body, reducing the
acquisition time to within 23 heartbeats, which was previously not possible. In
silico heart simulations demonstrated a RMS error to the fully sampled native
resolution ground truth of 4.2° when combined in first-order circularly polarized
mode (mean flip angle 66°) at an acceleration factor of 4. The 14 s 3D B} maps
acquired in the brain have a RMS error of 1.9° to the fully sampled (mean flip
angle 86°).

Conclusion: The proposed method is demonstrated as a fast pTx calibration
technique in the brain and a promising method for pTx calibration in the body.
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1 | INTRODUCTION

Ultrahigh field MRI promises superior SNR over con-
ventional clinical MR systems.! However, at 7 T, Bf
inhomogeneity is large across the brain and severe across
the heart, limiting the utility of ultrahigh-field quan-
titative cardiac imaging. Parallel transmit (pTx)** can
solve this problem*® but requires multi-channel B/
maps for optimal RF pulse design and RF shimming.
Multi-channel B} maps in the heart are difficult to acquire
in a clinically reasonable timeframe and are confounded
by issues of cardiorespiratory motion, blood flow, and
large B, off-resonances. Because B} maps are gener-
ally only required for calibration before scanning, their
acquisition should be as fast as possible and ideally well
under a minute. Whereas accurate maps are essential,
high-resolution maps are not usually necessary because
the wavelength associated with the Larmor frequency is
approximately 11 cm at 7 T. Free-breathing approaches
have been demonstrated,” but these require acquisition
and reconstruction times of several minutes. The efficacy
of measuring B} maps during diastole and applying the
calculated dynamic RF pulses throughout the entire car-
diac cycle has been shown.*

Relative B maps are generally fast to acquire,® taking
less time than absolute B mapping. Recent approaches
have shown the ability to estimate relative maps from
localizers,’ but an absolute measure of Bf is required to
achieve a specific flip angle. Absolute Bf mapping using
3DREAM!®! works well in the head and can acquire
high-resolution eight-channel B} maps in approximately
1 min. However, DREAM-'%!3 based B} mapping is unde-
sirable for use in the heart due to sensitivity to flow.'*1>
Presaturation TurboFLASH'® is ideal for B mapping in
the heart due to its inherent insensitivity to flow but has
astrong T; dependency.!” Additionally, presaturation Tur-
boFLASH suffers from long acquisition times due to the
long time delay of 5T; required between the reference and
prepared images. We have previously shown that using
short imaging trains and “sandwiching” the reference and
prepared images together overcomes both of these prob-
lems.!® The use of a nonadiabatic hyperbolic secant (HS8)
pulse for presaturation also achieves better B, insensitivity
over a conventional sinc or rectangular preparation pulse,
thereby requiring no additional By correction.!® These sim-
ple pulse sequence modifications allowed for faster acqui-
sition of the absolute Bf maps and, as a result, we demon-
strated single breath-hold whole-heart 3D B mapping for
a single shim mode.'®

Recently, an acquisition strategy known as By
time-interleaved acquisition of modes (B1TIAMO)»>2
was proposed, which acquires fast relative multi-channel
maps and two absolute Bf maps with complementary

shim modes. The two absolute shim mode maps are used
to help overcome the limited dynamic range by ensur-
ing sufficient B} in at least one of the shim modes and
to update the multi-channel relative maps to absolute
units. BITTAMO has been shown to obtain accurate
2D multi-channel maps for body imaging in 16 s for
a 32-transmit (Tx) system.?° Furthermore, Hess et al.
recently proposed an algorithm for reconstructing under-
sampled calibrationless Tx field maps (transmit low rank
[TXLR])* that could allow for acceleration factors of up to
8 in the body, matching the number of transmit channels.
Hess et al. also showed that the minimum matrix size
for capturing the dominant transmit modes in the heart
was 24 % 24. Hence, TxLR enables eight-channel transmit
3D relative maps with 24 x24 x 8 lines of k-space data
to be acquired in only 2 s or five heartbeats (TR = 3.5 ms,
cardiac window = 400 ms).

Therefore, in this work, we evaluate TxLR in combina-
tion with a BITIAMO-style acquisition and fast absolute
maps using the Sandwich method!® to acquire acceler-
ated 3D multi-channel absolute B maps in 14 s in the
brain or 23 heartbeats in the body.?* We evaluate this
approach using in silico simulations; retrospective under-
sampling of 3D in vivo whole-head data from a library
of nine subjects; and finally, prospectively undersampled
data acquired in phantoms, the brain of three subjects,
and the heart of another three subjects. This study is
investigating a method to accelerate maps and is not
proposing a new B} mapping method. Hence, to avoid
repetition of previous work, the evaluation of the pro-
posed method is largely focused on comparing to fully
sampled data.

2 | METHODS

2.1 | Acquisition scheme

The proposed acquisition scheme is shown in Figure 1.
In a BITIAMO? fashion, we acquire 3D coil-cycled
multi-channel relative maps using a spoiled low flip angle
gradient echo (GRE) sequence followed by two absolute
maps with complementary orthogonal shim modes (first-
and second-order circularly polarized, CP* and CP?**,
respectively) using the modified Sandwich presaturation
TurboFLASH sequence.'®

2.2 | Numerical heart simulations

Simulations were performed using retrospectively under-
sampled in silico data to establish the achievable accel-
eration. The in silico body BI’/ ~ fields were simulated
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FIGURE 1

Schematic sequence diagram for acquiring fast multi-channel B} maps in the brain/heart. Firstly, multi-channel relative

maps (green) are acquired for a number of coil-cycles (N¢.), including 16 dummy coil-cycles. This is followed by absolute maps (red) using
Sandwich for complementary shim modes: first- and second-order circularly polarized (CP*, CP?>*) modes with a TurboFactor of N. The
absolute maps excitation () and 5 ms nonadiabatic hyperbolic secant (order 8) preparation pulse («) have matched transmit mode. The
sequence can be adapted for cardiac B} mapping by segmenting the relative maps into 9 HBs and acquiring the absolute maps with TRgpg =1
HB. Brackets indicate repeated sequence blocks. HB, heartbeat; R, acceleration factor; TA, total acquisition; TD, delay time.

in Sim4Life 3.4 (ZMT, Zurich, Switzerland) using an
eight-channel transmit/receive (Tx/Rx) dipole array?* cen-
tered over the heart of Duke (Virtual Population, ITIS
Foundation, Zurich, Switzerland) at 7 T.2? A synthetic pro-
ton density image was generated by setting the proton
density equal to the tissue density, with tissue densities
greater than 1200 kg/m? (bone) or <400 kg/m? (lung) set
to 80 to make them resemble an MR image. The FOV was
278 x 356 mm? (anterior-to-posterior/left-to-right). Data
were re-sampled onto a uniform grid of 2 x 2 mm?2. The rel-
ative (Nx = 8) and reference (N1x = 2) images were formed
from a multiplication of these proton-density weighted
images and either individual transmit Bf or CP* and
CP?**. The prepared (N4 =2) images are formed from the
multiplication of the reference images with the cosine of
the Bf for CP* and CP**. Rx channel images were then
formed from the multiplication of the relative, reference,
and prepared images by the synthetic coil-sensitivities.
The synthetic (Rx coil-combined) images are shown in
Figure S1.

The synthetic body images were inverse fast Fourier
transformed and k-space corrupted with channel-
independent complex Gaussian noise (peak SNR 60 dB).
The k-space data was cropped to a matrix size of 24 x 24;
which was previously found to be the minimum scan
matrix for capturing the dominant transmit modes in the
heart.?? This was revalidated by comparing the relative
error between k-space cropped (24 x 24, Hann filtered and
zero-padded back to 139 x 178) and native resolution (139
% 178) ground truth relative and absolute maps.

Homogenous Poisson-disc undersampling masks
were generated using SPIRIiT Toolbox v0.3 for effective
undersampling factors between 1 and 10. To evaluate

the impact of the absence of a calibration region, masks
were also generated both with and without a central 4
x4 calibration region. A different undersampling mask
was used for each transmit mode, with the reference and
prepared images of the absolute maps using the same
undersampling mask.

The relative (Ny =8), reference (Nx =2), and pre-
pared (N1x = 2) undersampled k-spaces were concatenated
to form a 24 x 24 x 8 X 12 matrix (Nix X Niy X Nrx X N1y)
and jointly reconstructed using the TXLR algorithm (5 X 5
kernel, 50 iterations, and rank threshold of 50). The recon-
structed k-space data were Hann filtered, zero-padded up
to 139 x 178, and fast Fourier transformed back to image
space. The Rx channel images were combined using Rx
sensitivity maps estimated from the relative map recon-
structed k-space using ESPIRIT (5 x 5 kernel, 0.02 eigen
threshold).?> ESPIRIT was also used to calculate the trans-
mit sensitivities. The flip angle for the absolute maps was
found from the arccosine of the reference and prepared
image ratio.

The individual multi-channel maps were then calcu-
lated based on the method proposed by Brunheim et al.
with a total scaling exponent m =4, as defined in the
original BITTAMO paper,?° and weighted based on the ref-
erence image intensity. Maps were masked from a simple
binary value-thresholding based on the fully sampled rela-
tive images. Simulations were repeated 50 times with each
repetition using unique noise and undersampling masks.
To assess their accuracy within the heart, the difference
in the reconstructed multi-channel maps to the fully sam-
pled native resolution (noiseless) ground truth is shown as
well as the RMS error (RMSE) for maps combined into CP*
mode.
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2.3 | Parallel transmit MRI system

A 7 T Magnetom (VB17, Siemens Healthcare, Erlangen,
Germany) equipped with pTx was used for phantom and
in vivo imaging. Brain images were acquired using an
8Tx/32Rx head coil (Nova Medical, Wilmington, USA)
using fixed per-channel power limits as provided by the
coil manufacturer of 1.5 W per channel. To image the
heart an 8Tx/8Rx dipole array (MR Coils BV, Zaltbommel,
The Netherlands) was used with internally approved
power limits based on simulation and measurement for
a worst-case per channel limit of 3.98 W. Cardiac trig-
gering was performed using a pulse oximeter (Siemens
Healthcare) with a trigger delay of 100 ms.

2.4 | Retrospective undersampling
of brain data

Using a similar processing pipeline as outlined above,
fully sampled 3D relative multi-channel maps and abso-
lute Bf maps for CP* and CP?* in the brain were retro-
spectively undersampled from a database of nine subjects
(23-56years old; seven male/two female) acquired by de
Buck et al.?®?” This database was acquired using a similar
sequence as outlined in the following sections but with the
following sequence parameters. Both relative and absolute
sequences used a 300 x 225 x 225mm?3 FOV with a ref-
erence voltage of 50 V (per channel). The relative maps
were acquired using a GRE sequence with TEgrg =1.02
ms, TRgre = 2.90 ms, bandwidth = 500 Hz/px, RF spoiling.
A scan matrix of 40 X 36 X 36 and, nonselective rectangu-
lar RF excitation with a nominal flip angle of 7°. The scan
time required for this relative sequence was 30 s. Absolute
maps were acquired for two shim modes, which were CP*
and CP?*. TurboFLASH TEgp; sy = 1.78 ms, TurboFLASH
TRprasu =3.92 ms, TRjong =1 s, bandwidth =489 Hz/px,
RF spoiling. A scan matrix of 48 X 27 X 36 was used with
nonselective rectangular RF excitation (). A 500 ps rect-
angular RF pulse was used for presaturation («) (whereas
a HS8 pulse is used in the current work), with an a:f ratio
0f10:1, using nominal o/ flip angles 90°/9°. The scan time
required for each shim mode map was 36 s for a combined
scan time of 1 min 42 s.

2.5 | Sequence implementation

Separate sequences were used to acquire the relative and
absolute portions of the proposed method. 3D acceler-
ated relative maps were acquired using a GRE sequence,
coil-cycled to minimize the influence of magnetiza-
tion history, with TEggg =1.31 ms, TRgrg =3.14 ms,

bandwidth =490 Hz/px, RF spoiling, and an accelera-
tion factor of R=4. A scan matrix of 24 x24 X24
was used, nonselective rectangular RF excitation with
a flip angle (4) of 9°. The acquisition time was 4 s
(N =160), of which the first 400 ms were 16 dummy
coil-cycles. Undersampling masks were as described pre-
viously (section 2.2) and ordered as in Jaeschke et al.?®
to minimize the eddy currents from a rapid change in
the phase encoding. For cardiac mapping during dias-
tole, the relative map k-space was segmented into nine
heartbeats of 16 coil-cycles (400 ms). During the trigger
delay, four dummy coil-cycles (100 ms) were performed
(Nee =180).

3D accelerated absolute maps were acquired for CP*
and CP?** using the Sandwich sequence!® with Tur-
boFLASH TEFLASH =1.26 ms, TurboFLASH TRFLASH =3
ms, bandwidth=490 Hz/px, and RF spoiling. A scan
matrix of 24 x 24 x 24 was used with nonselective rectan-
gular RF excitation (§). A 5 ms nonadiabatic HS8!%% RF
pulse was used for presaturation («) using nominal «/f flip
angles 90°/5°. Different acceleration factors were used in
the brain/heart for the acquisition of the absolute maps,
which were R =6/4, respectively. Each absolute map was
segmented into 4/6 (R = 6/4), one segment per TRoqs =15,
to maintain a readout train of 24 phase encoding lines
(TurboFactor = 24, duration of 145 ms) per segment. The
acquisition time was 5 s (R = 6) or seven heartbeats (R=4)
per map, which includes 1 dummy TRy,,,. Hence, a total
of 10 s or 14 heartbeats for both mode maps. Undersam-
pling masks were as described previously (section 2.2) (see
Figure S2). A square-spiral acquisition order was used,
center-in for the reference images and center-out for the
prepared images to reduce the impact of T; on the image
trains. Although separate sequences were used, the total
time to acquire both the relative and absolute maps is 14
s ungated or 23 heartbeats gated. Table 1 summarizes the
protocols used in phantom and in vivo.

2.6 | Phantom experiments

3D multi-transmit B maps were acquired in two
coil/phantom combinations. The first was the 8Tx/32Rx
head coil using a 16.5 cm diameter spherical MRS “Braino”
water phantom (General Electric Medical Systems,
Milwaukee, USA) (reference voltage 60 V), and the second
was the 8Tx/8Rx chest coil using a large custom 27 cm
diameter 73 mM NaCl drum phantom (reference voltage
200 V). The Braino phantom was acquired with a TRjong =
1 s using a 250 x 250 x 250 mm? FOV, giving 10.4 X 10.4 x
10.4mm? resolution. The drum phantom was acquired
gated with a simulated R-wave peak-to-peak interval of
700 ms. The FOV used for imaging the drum phantom
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Sequence parameters used in vivo and in phantom to acquire the accelerated multi-channel B maps.

TABLE 1

Ref.

Absolute Acq.

Relative Acq.

Acq
Time

(Hz/px)
490

BW

Voltage
W)

TRgLAsH aC) BC)
TRing (HSS8) (RECT)

(ms)

TEFLASH
R (ms)

(RECT)

TEgre TRgre 4 (°)
(ms)

matrix R (ms)

Scan
FOV (mm?)

Coil

Target

14s

60

90

1s

1.26

3.14

1.31

243

8Tx/32Rx 250 X 250 X 250

“Braino”

Phantom

490 16 s or 23 HB

200

90

1.26 700 ms

3.14

1.31

243

300 % 300 x 300

8Tx/8Rx

Drum

Phantom

490 14s

60

90

1s

1.26

3.14

1.31

243

8Tx/32Rx 250 X 250 X 250

Brain

23 HB

490

200

90

1.26 1HB

3.14

1.31

243

8Tx/8Rx 380 % 380 x 285

Heart

Note: BW, bandwidth; GRE, gradient echo; HB, heartbeat; HS, hyperbolic secant; Tx/Rx, transmit/receive.

was increased to 300 x 300 x 300 mm?, giving 12.5 X 12.5 X
12.5 mm3 resolution.

The offline reconstruction time was 5 min for the head
coil and 1 min for the chest coil using 20 TxLR itera-
tions. For reference, a 3D fully sampled BITIAMO map
was acquired with a matched scan matrix and FOV using
fully sampled relative maps (15 s or 36 simulated heart-
beats) and gated Sandwich absolute CP*™ and CP?* maps
(50 s or 50 simulated heartbeats for both modes).

2.7 | Invivo experiments

All subjects were scanned under an institutionally
approved technical development standard operating pro-
cedure (FMRIB_004_V4). 3D multi-transmit maps were
acquired in the brain of three volunteers at a reference
voltage of 60 V as described above for the head coil phan-
tom at acceleration factors of R =4/6. The FOV for relative
and absolute Sandwich maps was 250 X 250 X 250 mm?,
giving 10.4 x10.4 x10.4mm3 acquired resolution. The
maps were reconstructed to 64 X 64 x 64 for plotting. A
3D fully sampled BITIAMO dataset was acquired for
reference in 65 s. We also tested the application of three
coil-compression algorithms from the SPIRIiT Toolbox
v0.3 before TxLR reconstruction for a range of virtual
coils 2-32.

3D cardiac multi-transmit maps were acquired in three
healthy volunteers at a reference voltage of 200 V. The
FOV for relative and absolute Sandwich maps was 380
X 380 x 285 mm?, giving 15.8 X 15.8 x 11.9 mm?3 resolution.
The maps were reconstructed to 64 x 64 x48 for plot-
ting. The coil-cycled relative maps and absolute maps were
acquired in two separate breath-holds due to the sequence
preparation time, both at end-expiration to reduce respi-
ratory motion artifacts. However, in total 23 heartbeats (9
segments relative maps + 2 Sandwich dummys + 6 seg-
ments Sandwich CP* + 6 segments Sandwich CP**) were
required for data acquisition. A fully sampled set of 3D
B1TIAMO maps would have required 86 heartbeats.

2.8 | Image data reconstruction
and combination

Reconstruction was performed offline in MatLab (R2021a,
MathWorks, Natick, MA, USA) using the parallel comput-
ing toolbox (14 workers) on an Intel Xeon 28 x 2.40 GHz
128Gb RAM computer running Rocky Linux 8.5. Relative,
reference, and prepared k-space data were concatenated
to form a 24 X 24 X 24 X (8/32) X12 (Nix X Niy X Nig X
Nrx X N1x) matrix and jointly reconstructed using TXLR
slice-by-slice on hybrid x-ky-k, data. The k-space data were
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Tukey filtered (cosine fraction =0.7), zero-padded to 32
X 32 %X 32 (unless mentioned otherwise), and fast Fourier
transformed to full image space. Using ESPIRIT, Rx chan-
nel images were combined using sensitivity maps esti-
mated from relative map k-space. ESPIRIT was also used
to calculate the transmit sensitivities.

The flip angle for the absolute maps was calculated
from the ratio of the reference and prepared images using
a lookup table generated from Bloch and extended phase
graph simulations,’® which includes a correction for the
nonlinearity of the HS8 pulse employed for saturation.
The individual multi-channel maps were then calculated
based on the method proposed in the BITIAMO paper®
with a total scaling exponent m =3, as defined in the
original BITTAMO paper, and weighted based on the ref-
erence image intensity. Maps were masked from a simple
binary value-thresholding based on the fully sampled rel-
ative images. Voxels in the absolute maps outside of the
lookup table were masked out and any holes were lin-
early interpolated. Voxels that had a maximum shim effi-
ciency below 30%, as calculated from the relative maps,

were additionally masked out due to low signal producing
erroneous measurements of absolute B .

3 | RESULTS

3.1 | Numerical heart simulation results
Figure 2 shows the impact on relative and absolute maps
of cropping k-space down to a central 24 X 24 region com-
pared to the native resolution (139 x 178) ground truth.
The normalized RMSE within the heart was 3.1% for rel-
ative maps and the RMSE 3.8° (mean flip angle 67°) for
absolute maps with the largest errors close to regions of B}
constructive/destructive interference. This indicates we
can capture the dominant transmit modes in the heart
using small scan matrices.

Simulation results from synthetic 8Tx/8Rx body
images for undersampling factors are shown in Figure 3.
The mean flip angle and SD over 50 repeats each with dif-
ferent undersampling masks are shown in Figure 3(A,B).
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relative and absolute maps (CP* and CP?*) of synthetic body data. The mean error between the cropped and native resolution relative maps as
a percentage of the total B} available is 3.1% within the ROI (green line). The mean error between the cropped and native resolution absolute
maps is 3.8° (mean flip angle in heart of 67°) for the absolute maps within the ROI (green line). CP, circularly polarized; ROI, region of interest.
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Simulation results from synthetic body images showing the mean (A) and SD (B) for multi-channel parallel transmit B}

maps with undersampling factors of 1 to 10. The mean flip angle in the heart in CP* mode was 66° (min/max = 6°/137°, CV =36%). A total of
50 TXLR iterations and 50 repeats with different undersampling masks were performed. Subfigure (C) shows the mean absolute error across
these repeats to the fully sampled native resolution (139 x 178) k-space in the ROI (red box in the top left of subfigure (A)). (D) RMSE
calculated on the complex values for multi-channel maps combined in CP* mode for the 50 repeats. CV, coefficient of variation; RMSE; RMS

error; TXLR, transmit low rank.

The mean flip angle within the heart in CP* mode was 66°
(min/max = 6°/137°, coefficient of variation [CV] = 36%).
In Figure 3(C), large undersampling factors of 10 show
increased error in the measured B} within the heart when
compared to the fully sampled native resolution maps.
Figure 3(D) shows a complex RMSE to the fully sampled
native resolution ground truth of 4.2° combined in CP*
mode within the heart at an acceleration factor of 4. The
RMSE increases linearly with undersampling factor.
Fully sampling the central 4 x4 region of k-space
had a negligible impact on the error in the reconstructed
maps at undersampling factors of 4 (Figure S3). However,
including a fully sampled central 4 X 4 region did improve
the error in the reconstructed maps at higher undersam-
pling factors, lowering the RMSE from 7.8° to 6.1° at

an acceleration factor of 8. A total of 20 TxLR iterations
appears optimal for acceleration factors up to 4 in the
body, where the RMSE of the combined CP* map to the
native resolution ground truth was 4.3° in the heart (5.0°
whole-body). The fully sampled had an RMSE of 2.5° in
the heart (3.1° whole-body) (Figure S4).

3.2 | Retrospective undersampling
of brain data results

The results of the retrospective undersampling of nine
subjects using the head coil are shown in Figure 4. The
mean flip angle in the brain in CP* was 45° (min/-
max =11°/88°, CV =29%), with the RMSE increasing with
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FIGURE 4 Boxplots showing the complex RMSE for

channels combined into CP* (mean flip angle in CP* was 45°,
min/max=11°/88°, CV =29%) for various retrospective
undersampling factors. In vivo data using a B} library of 3D brain
data from nine subjects.

increased acceleration factors. Acceleration factors of 4,
6, and 8 gave an average RMSE for multi-channel maps
combined into CP* of 1.7°, 1.9°, and 2.1°, respectively.

3.3 | Phantom results

Figure S5 shows B maps obtained in the “Braino” phan-
tom and the difference compared to the ground truth fully
sampled maps. The mean flip angle across the entire phan-
tom was 90° in CP* (min/max = 34°/175°, CV = 21%), with
an RMSE of 3.7° to the fully sampled.

Figure S6 similarly shows the synthetically gated B
maps obtained in the large drum phantom and the differ-
ence to the ground truth fully sampled maps. The mean
flip angle across the entire drum phantom in CP* was 60°
(min/max =0°/214°, CV =45%), with an RMSE of 3.5°. A
large number of phase ramps are visible in Figure S6 due
to the high permittivity of the phantom. There are some
artifacts that appear in the B} maps, which are explained
by the choice of complementary shims. Figure S7 shows
the shim efficiencies and confirms that these errors are
pronounced where the maximum shim efficiency is below
30%, as indicated by the white arrows.

3.4 | Invivoresults

The magnitude and phase of the B] maps acquired in
the brain are displayed in Figure 5(A,B), respectively.

The mean flip angle in CP* in the brain was 86° (min/-
max=19°/189°, CV=30%). Additional subjects can be
seen in Figure S8.

Figure 6(A,B) show a correlation and Bland-Altman
plot comparing accelerated maps to the fully sampled ref-
erence. The maps show excellent linearity and good agree-
ment with an RMSE of 0.7° across all multichannel maps
to the reference and 1.9° when combined in CP*.

Coil-compression reduced the reconstruction time
from over 6 min to 80 s using 10 virtual coils and 20 TXLR
iterations or 50 s for 10 TXLR iterations, with only a small
(0.6°) impact on RMSE to a fully sampled non-compressed
reference, as seen in Figure 7

Data acquired in the body of one subject is shown in
Figure 8. The mean flip angle over the heart in CP* is
42° (min/max = 6°/137°, CV =29%). The poor cine image
intensity in the right atrium is explained by the low Bf
magnitude of the combined CP* map in this region. Addi-
tional subjects can be seen in Figure S9.

The shim efficiency for CP*, CP?*, and the maximum
of both shim modes is shown in Figure 9. The combination
of CP* and CP?* appears to be inadequate over the entire
heart, particularly in the right atrium.

4 | DISCUSSION
We have demonstrated the feasibility of accelerating the
acquisition of multi-channel absolute B} maps. We did this
by combining three methods from the literature (TXLR,
B1TIAMO, and Sandwich) and utilizing small 24 x 24
scan matrices to derive the dominant transmit fields for
pTx calibration. The use of such matrices leverages the
same underlying physical principles as for Rx-coil sen-
sitivity calibration, which typically relies on comparably
sized scan matrices. Simulations using high-resolution
synthetic body data demonstrate that the largest source
of error in the cropped maps is due to these small matri-
ces not capturing the highest frequency fluctuations in
the absolute Bf from constructive/destructive interfer-
ence. However, this error is small, with an RMSE of
3.8° in CP* mode with a mean flip angle of 66° over
the heart. Our simulation results using in silico heart
data and retrospective undersampling of brain data show
that we can comfortably obtain reliable undersampled
Bl maps in the head and body using acceleration fac-
tors of 4. We also found from simulations that using
a small (4 x4) calibration region was important for
robust B field map estimation at larger undersampling
factors.

The results in Figure 5 demonstrate the ability to obtain
good quality multi-channel B} maps in the brain in only
14 s, free of any structural artifacts except where there
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FIGURE 5 3D multi-channel and combined CP* B} maps acquired in the brain of one subject are shown for axial, coronal, and sagittal
planes for (A) magnitude and (B) phase. Data was acquired at a 60 V reference voltage. Maps are reconstructed to 64 X 64 X 64 from an
acquired scan matrix of 24 x 24 X 24.
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FIGURE 6 Correlation and Bland-Altman plots can be seen in (A) and (B), respectively, comparing the undersampled 3D dataset to a
fully sampled reference across the entire masked volume in Figure 5. Individual channels (black markers) and combined CP* (red markers)
are plotted together. Statistics are shown for the individual (non-combined) maps. The dotted lines represent +1.96 SD around the mean
(solid line).
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FIGURE 8

are signal voids such as in the sinuses. These maps are
in agreement with the fully sampled reference, yielding
an RMSE of 1.9° combined in CP*, and are consistent
with retrospective undersampling results. Higher accel-
erations were achievable with the Nova (8Tx/32Rx) head

(A) Magnitude

x5 Combined CP*

150

a(’)

5
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3D multi-channel and combined CP* B} maps for (A) magnitude and (B) phase acquired in the body in 23 heartbeats
shown for axial, coronal, and sagittal planes. Data was acquired at a 200 V reference voltage. Maps are reconstructed to 64 X 64 x 48 from an
acquired scan matrix of 24 x 24 X 24. Body and heart boundaries are overlaid from the cine images.

coil over the dipole array (8Tx/8Rx) due to additional Rx
channels present. However, higher accelerations for the
relative mapping portion of the sequence were not worth-
while due to only a minor additional scan time of 1 s for
R=4versus R=6.
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FIGURE 9
maximum efficiency.

Figure 8 shows the multi-channel B maps through
axial, coronal, and sagittal slices of the body obtained
in only 23 heartbeats. A fully sampled acquisition is
unfeasible because it would require around 86 heartbeats
and several breath-holds. The current implementation
required the acquisition in two separate breath-holds due
to sequence preparation time. We are currently working on
an implementation for our updated VE12U system, which
will acquire both relative and absolute maps within a
single sequence, enabling single breath-hold acquisitions.
To our knowledge, this method enables multi-channel
B mapping in the heart within a single breath-hold for
the first time. Further pulse sequence optimization may
need to be performed because 23 heartbeats could still
be too long for patients suffering from breathlessness. To
overcome this, maps could be acquired in two separate
breath-holds of around 17 heartbeats, where additional
time could be spent mapping additional modes. The B}
maps shown here were acquired in the heart of subjects
with small chests, and they have not been directly vali-
dated due to the lack of a reliable ground-truth in the body.
The best gold standard we have available is in silico body
data and the simulations we performed, along with ret-
rospective results in the brain and prospective results in
phantoms and the brain, which provide us with confidence
in the validity of these maps.

We expect our maps to be more robust to motion due
to the short acquisition time during diastole. However,
there are some artifacts present in the magnitude of the
multi-channel maps, which are present where the maxi-
mum shim efficiency of CP* and CP?* is low. Therefore,

CP2* Efficiency
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The shim efficiencies are shown for axial, coronal, and sagittal planes for (A) CP* mode, (B) CP** mode, and (C) the

although CP* and CP?* appear to work well in the brain,
this work suggests that CP* and CP?* shim modes, with
the dynamic range of the Sandwich method, are not opti-
mal for 3D B] mapping in the body; an additional shim
mode or additional voltages?” may be required in the body,
which warrants further investigation. Alternatively, a uni-
versal shim set®! could be used, or as discussed in the
original BITTAMO paper, a dedicated heart shim could be
calculated from the relative maps, but this would require
additional processing time. Higher acceleration factors
could be explored for cardiac coils with more than eight Rx
channels.

This method is conceptually simple to apply to larger
transmit arrays. In the brain, a 16-channel transmit sys-
tem would require a scan time of approximately 18 s and a
32-channel transmit system around 26 s, without consider-
ing further acceleration. For imaging the heart with larger
transmit arrays, more heartbeats will be needed in the rel-
ative mapping portion of the sequence and may require
multiple breath-holds. The main limitation of this acquisi-
tion scheme is currently the long reconstruction time, with
the average offline reconstruction times for the chest/head
coils being 1/6 min using our current hardware. However,
this has not been optimized, nor is it prohibitive, and there
are several potential avenues to reduce this. One such pos-
sibility is the use of coil compression.3? Initial tests with
a geometric-decomposition coil compression algorithm?3
were able to reduce brain reconstruction times from 6
min to around 1 min (Figure 7). Alternatively, a more
efficient method of computing the singular value decom-
position, which accounts for a significant portion of the
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computation time in the TxLR algorithm or a machine
learning approach, could be investigated.

5 | CONCLUSION

We have demonstrated a method to accelerate the acquisi-
tion of 3D multi-channel B} maps that is fast and has good
agreement with a fully sampled reference in the brain. This
method was applied to obtain 3D multi-channel maps in
the body and is important to help facilitate cardiac imaging
at7T.

AFFILIATIONS

!Wellcome Centre for Integrative Neuroimaging, FMRIB, Nuffield
Department of Clinical Neurosciences, University of Oxford, Oxford, UK

2Spinoza Centre for Neuroimaging, Amsterdam, The Netherlands
3Computational Cognitive Neuroscience and Neuroimaging,

Netherlands Institute for Neuroscience, KNAW, Amsterdam,
The Netherlands

“Department of Radiology and Nuclear Medicine, Amsterdam
University Medical Centers, University of Amsterdam, Amsterdam,
The Netherlands

SResearch & Collaborations GB&I, Siemens Healthcare Ltd, Camberley,
UK

®Department of Medical Biophysics, University of Toronto, Toronto,
Ontario, Canada

"Physical Sciences, Sunnybrook Research Institute, Toronto, Ontario,
Canada

80xford Centre for Clinical Magnetic Resonance Research (OCMR),
University of Oxford, Oxford, UK

‘Department of Imaging Methods, Institute of Measurement Science,

Slovak Academy of Sciences, Bratislava, Slovakia

ACKNOWLEDGMENTS

J.L.K. received support from the Engineering and Phys-
ical Sciences Research Council (EPSRC) through an
Industrial Cooperative Awards in Science & Engineering
(iCASE) award in collaboration with Siemens Healthcare
Ltd (EP/V519741/1). The National Institute for Health
and Care Research (NIHR), Oxford Health Biomedi-
cal Research Centre (NIHR203316) also supported this
research. The Wellcome Centre for Integrative Neuroimag-
ing (WIN) is supported by core funding from the Well-
come Trust (203139/Z/16/Z and 203139/A/16/Z). L.V.
is funded by a Sir Henry Dale Fellowship awarded
jointly by the Wellcome Trust and the Royal Society
(221805/Z/20/Z), and also acknowledges the support of
the Slovak Grant Agencies VEGA (2/0004/23) and APVV
(#21-0299). M.H.S. de B received support from the Dun-
hill Medical Trust and studentship support from Siemens
Healthcare Ltd. M.C. received support from the Canada
Research Chairs Program. The views expressed are those

of the author(s) and not necessarily those of the NTHR or
the Department of Health and Social Care (DHSC). The
authors thank the ISMRM Reproducible Research Study
Group for conducting a code review of the code (Ver-
sion 1.0) supplied in the Data Availability Statement. The
scope of the code review covered only the code’s ease of
download, quality of documentation, and ability to run,
but it did not consider scientific accuracy or code effi-
ciency. Parts of this work have been presented at the 2023
Annual Meeting of the International Society for Magnetic
Resonance in Medicine.

DATA AVAILABILITY STATEMENT

MATLAB code (GitHub hash: e49c1a8) for generating
and plotting the simulation results (Figures 2 and 3, and
Supporting Figures S3 and S4) using the synthetic body
images is available at https://github.com/jameslewiskent
/Acc3DmTxMapping.

ORCID
James L. Kent © https://orcid.org/0000-0001-6482-7515

Matthijs H. S. de Buck ‘© https://orcid.org/0000-0001
-8217-8192

Mark Chiew (© https://orcid.org/0000-0001-6272-8783
Ladislav Valkovi¢ (2 https://orcid.org/0000-0003-2567
-3642

Aaron T. Hess 2 https://orcid.org/0000-0002-9289-5619

TWITTER
Aaron T. Hess @AaronHessMRI
REFERENCES

1. Ladd ME, Bachert P, Meyerspeer M, et al. Pros and cons of
ultra-high-field MRI/MRS for human application. Prog Nucl
Magn Reson Spectrosc. 2018;109:1-50.

2. Zhu'Y. Parallel excitation with an array of transmit coils. Magn
Reson Med. 2004;51:775-784.

3. Padormo F, Beqiri A, Hajnal JV, Malik SJ. Parallel trans-
mission for ultrahigh-field imaging. NMR Biomed. 2016;29:
1145-1161.

4. Schmitter S, DelaBarre L, Wu X, et al. Cardiac imaging at
7 Tesla: single- and two-spoke radiofrequency pulse design
with 16-channel parallel excitation. Magn Reson Med. 2013;70:
1210-1219.

5. Aigner CS, Dietrich S, Schmitter S. Three-dimensional static and
dynamic parallel transmission of the human heart at 7 T. NMR
Biomed. 2021;34:e4450.

6. Herrler J, Liebig P, Gumbrecht R, et al. Fast online-customized
(FOCUS) parallel transmission pulses: a combination of uni-
versal pulses and individual optimization. Magn Reson Med.
2021;85:3140-3153.

7. Dietrich S, Aigner CS, Kolbitsch C, et al. 3D free-breathing mul-
tichannel absolute B} mapping in the human body at 7T. Magn
Reson Med. 2021;85:2552-2567.


https://github.com/jameslewiskent/Acc3DmTxMapping
https://github.com/jameslewiskent/Acc3DmTxMapping
https://github.com/jameslewiskent/Acc3DmTxMapping
https://orcid.org/0000-0001-6482-7515
https://orcid.org/0000-0001-6482-7515
https://orcid.org/0000-0001-8217-8192
https://orcid.org/0000-0001-8217-8192
https://orcid.org/0000-0001-8217-8192
https://orcid.org/0000-0001-6272-8783
https://orcid.org/0000-0001-6272-8783
https://orcid.org/0000-0003-2567-3642
https://orcid.org/0000-0003-2567-3642
https://orcid.org/0000-0003-2567-3642
https://orcid.org/0000-0002-9289-5619
https://orcid.org/0000-0002-9289-5619
http://twitter.com/@AaronHessMRI
http://twitter.com/@AaronHessMRI

KENT ET AL.

. . .« . 13
Magnetic Resonance in MedlclneJ—

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

van de Moortele PF, Ugurbil K. Very fast multi channel B,
calibration at high field in the small flip angle regime. In Pro-
ceedings of the 17th Annual Meeting of ISMRM, Honolulu, HI,
2009. p. 367.

Krueger F, Aigner CS, Hammernik K, et al. Rapid estimation of
2D relative Bf-maps from localizers in the human heart at 7T
using deep learning. Magn Reson Med. 2023;89:1002-1015.
Ehses P, Brenner D, Stirnberg R, Pracht ED, Stocker T.
Whole-brain B;-mapping using three-dimensional DREAM.
Magn Reson Med. 2019;82:924-934.

Veldmann M, Niesen S, Ehses P, Stocker T. Spiral 3DREAM
sequence for fast whole-brain B; mapping. In Proceedings of
the 30th Joint Annual ISMRM-ESMRMB Meeting, London, UK,
2022. p. 1612.

Nehrke K, Bornert P. DREAM-a novel approach for
robust, ultrafast, multislice B; mapping. Magn Reson Med.
2012;68:1517-1526.

Nehrke K, Versluis MJ, Webb A, Bornert P. Volumetric Bf
mapping of the brain at 7T using DREAM. Magn Reson Med.
2014;71:246-256.

Bornert P, Nehrke K, Jinnan W. Magnetization prepared
DREAM for fast flow-robust B} mapping. In Proceedings
of the 22nd Annual Meeting of ISMRM, Milan, Italy, 2014.
p. 4338.

Fischer SE, Stuber M, Scheidegger MB, Boesiger P. Limitations
of stimulated echo acquisition mode (STEAM) techniques in
cardiac applications. Magn Reson Med. 1995;34:80-91.

Chung S, Kim D, Breton E, Axel L. Rapid B} mapping using
a preconditioning RF pulse with TurboFLASH readout. Magn
Reson Med. 2010;64:439-446.

Zhu D, Schir M, Qin Q. Ultrafast B; mapping with RF-prepared
3D FLASH acquisition: correcting the bias due to T;-induced
k-space filtering effect. Magn Reson Med. 2022;88:757-769.
doi:10.1002/mrm.29247

Kent JL, Dragonu I, Valkovi¢ L, Hess AT. Rapid 3D absolute Bf
mapping using a sandwiched train presaturated TurboFLASH
sequence at 7 T for the brain and heart. Magn Reson Med.
2023;89:964-976.

Tao Y, Hess AT, Graeme KA, Rodgers CT, Robson MD.
By-independent quantitative measurement of low B; field for
human cardiac MRI at 7T. In Proceedings of the 21st Annual
Meeting of ISMRM, Salt Lake City, UT, 2013. p. 2596.
Brunheim S, Gratz M, Johst S, et al. Fast and accurate
multi-channel mapping based on the TITAMO technique for 7T
UHF body MRI. Magn Reson Med. 2018;79:2652-2664.

Orzada S, Maderwald S, Poser BA, Bitz AK, Quick HH, Ladd
ME. RF excitation using time interleaved acquisition of modes
(TIAMO) to address B; inhomogeneity in high-field MRI. Magn
Reson Med. 2010;64:327-333.

Hess AT, Dragonu I, Chiew M. Accelerated calibrationless paral-
lel transmit mapping using joint transmit and receive low-rank
tensor completion. Magn Reson Med. 2021;86:2454-2467.

Kent JL, Valkovi¢ L, Dragonu I, Chiew M, Hess AT. Accel-
erated volumetric multi-channel pTx B mapping at 7T for
the brain and heart. In Proceedings of the 32nd Joint ISMRM
& ISMRT Annual Meeting, Toronto, Ontario, Canada, 2023.
p. 4408.

Raaijmakers AJE, Italiaander M, Voogt 1J, et al. The fractionated
dipole antenna: a new antenna for body imaging at 7 Tesla. Magn
Reson Med. 2016;75:1366-1374.

25. Uecker M, Lai P, Murphy MJ, et al. ESPIRIT - an eigenvalue
approach to autocalibrating parallel MRI: where SENSE meets
GRAPPA. Magn Reson Med. 2014;71:990-1001.

26. de Buck MHS, Hess AT, Jezzard P. Head-and-neck
multi-channel 7T pTx B; database (10 bubjects) for a
Nova Medical 8Tx/32Rx Coil. University of Oxford; 2022.
doi:10.5287/bodleian:ZB6Gk8QzN

27. de Buck MHS, Jezzard P, Hess AT. Head-and-neck
multi-channel B} mapping and carotid arteries RF shim-
ming using a parallel transmit head coil. Magn Reson Med.
2024,91:190-204.

28. Jaeschke SHF, Hess AT. Cartesian prospective, duel-gated,
cardio-respiratory encoding for 3D cardiac CINE compared to
spiral profile retrospective encoding. In Proceedings of the 28th
Annual Meeting of ISMRM, Virtual Conference, 2020. p. 2173.

29. Tesiram YA. Implementation equations for HSn RF pulses.
J Magn Reson. 2010;204:333-339.

30. Kent JL, Valkovi¢ L, Dragonu I, Hess AT. A simulation frame-
work for comparison of volumetric B] mapping methods. In
Proceedings of the 33rd Joint ISMRM & ISMRT Annual Meeting,
Singapore, 2024. p. 1602.

31. Schmidt S, He X, Metzger GJ. Universal modes: calibration-free
time-interleaved acquisition of modes. Magn Reson Med.
2024;92:43-56.

32. Buehrer M, Pruessmann KP, Boesiger P, Kozerke S. Array
compression for MRI with large coil arrays. Magn Reson Med.
2007;57:1131-1139.

33. Zhang T, Pauly JM, Vasanawala SS, Lustig M. Coil compression
for accelerated imaging with Cartesian sampling. Magn Reson
Med. 2013;69:571-582.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. The fully sampled native resolution (139 x 178)
synthetic images (coil-combined) used to test various
acceleration factors for an 8-transmit 8-receive dipole array
chest coil at 7 T.

Figure S2. The undersampling masks used for (A) relative
maps with an acceleration factor R =4 (B) absolute maps
in the brain with an acceleration factor R =6 and (C) abso-
lute maps in the heart with an acceleration factor R=4.
The colors indicate the segment during which the readout
line was acquired.

Figure S3. The effect of not acquiring a calibration region
is shown (left) in comparison to acquiring a small 4
X 4 calibration region (right). Mean (A) and SD (B) for
multi-channel parallel transmit B} maps across various
undersampling factors (1-16). A total of 50 repeats with
different undersampling masks were performed. Subfigure
(C) shows the mean difference across these repeats to the
fully sampled k-space in a region of interest, the results of
which are summarized by the RMSE (D). The small red
box in the top left of subfigure (A) indicates the heart ROI
used for plots (C) and (D).
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Figure S4. The number of TXLR iterations versus the
root-mean-square error in the combined CP* B maps to
the fully sampled native resolution (139 x178) ground
truth based on data simulated using synthetic body
images. Dashed lines indicate +1.96SD.

Figure S5. 3D multi-channel maps in a spherical water
phantom acquired in 14 s using an 8Tx/32Rx head coil.
The proposed method is shown for both magnitude (A)
and phase relative to transmit channel 1 (B). A slice from
the fully sampled reference multi-channel maps is also
shown for both magnitude (C) and phase (D). The dif-
ference between a central slice (outlined in red in (A)) is
shown for both magnitude (E) and phase (F).

Figure S6. 3D multi-channel maps in a large drum water
phantom acquired gated in 23 simulated heartbeats (RR
interval =700 ms) using an 8Tx/8Rx dipole-array chest
coil. The proposed method is shown for both magnitude
(A) and phase relative to transmit channel 1 (B). A slice
from the fully sampled reference multi-channel maps is
also shown for both magnitude (C) and phase (D). The dif-
ference between a central slice (outlined in red in (A)) is
shown for both magnitude (E) and phase (F).

Figure S7. The shim efficiencies are shown for a slice from
the drum phantom for (A) CP* mode, (B) CP** mode and
(C) the maximum efficiency used for additional masking.

As indicated by the white arrows, CP* and CP?* do not
appear to provide sufficient coverage in this phantom.
Figure S8. The magnitude of 3D multi-channel and com-
bined CP* B} maps for three subjects acquired in the
brain shown for axial, coronal and sagittal planes. Data
was acquired at a 60 V reference voltage. Maps are recon-
structed to 64 X 64 X 64 from an acquired scan matrix of 24
X 24 X 24.

Figure S9. The magnitude of 3D multi-channel and com-
bined CP* B} maps for three subjects acquired in the
body in 23 heartbeats shown for axial, coronal and sagit-
tal planes. Data was acquired at a 200 V reference voltage.
Maps are reconstructed to 64 X 64 X 48 from an acquired
scan matrix of 24 x 24 x 24. Body and heart boundaries
are overlayed from the cine images. The placement of
the posterior elements for subject 3 were unintentionally
reversed.
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