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Purpose: The traditional radiofrequency (RF)-prepared B; mapping technique
consists of one scan with an RF preparation module for flip angle-encoding and
a second scan without this module for normalizing. To reduce the T;-induced
k-space filtering effect, this method is limited to 2D FLASH acquisition with a
two-parameter method. A novel 3D RF-prepared three-parameter method for
ultrafast B;-mapping is proposed to correct the T;-induced quantification bias.

Theory: The point spread function analysis of FLASH shows that the prepared
longitudinal magnetization before the FLASH acquisition and the image sig-
nal obeys a linear (not proportional) relationship. The intercept of the linear
function causes the quantification bias and can be captured by a third saturated
scan.

Methods: Using the 2D double-angle method (DAM) as the reference, a 3D
RF-prepared three-parameter protocol with 9 s duration was compared with the
two-parameter method, as well as the saturated DAM (SDAM) method, the dual
refocusing echo acquisition mode (DREAM) method, and the actual flip-angle
imaging (AFI) method, for B; mapping of brain, breast, and abdomen with
different orientations and shim settings at 3T.

Results: The 3D method  with

complex-subtraction delivered consistently lower RMS error, error mean,

RF-prepared  three-parameter
error standard deviation, and higher concordance correlation coefficients
values than the two-parameter method, the three-parameter method with
magnitude-subtraction, the multi-slice DREAM and the 3D AFI, and were close
to the results of 2D or multi-slice SDAM.

Conclusion: The proposed ultrafast 3D RF-prepared three-parameter method
with complex-subtraction was demonstrated with high accuracy for B; mapping
of brain, breast, and abdomen.
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1 | INTRODUCTION

Due to the proximity between the shorter radiofrequency
(RF) wavelength at higher field strength and the size of
the tissue, the homogeneity of the transmit RF field (B;*)
is affected by both tissue composition and body geome-
try.> Rapid measurement of the spatial variation of the
flip angles (FAs) for the organs of interest is desired for
many MRI applications, including subject-adaptive RF
shimming using multiple RF transmission channels,>”’
FA correction for steady-state based T,%1° or T,!!
surement and spectroscopy-based metabolite quantifica-
tion,'?71* determining the electric properties of the tissue
or the local specific absorption rate (SAR) distribution,!>-22
or evaluating the sensitivity to B;* field inhomogeneities
for novel pulse sequences.?3~33

A number of B;* mapping approaches have been com-
mercialized by vendors. The conventional double-angle
method (DAM), by taking the ratio of two images with
excitation FA = [a, 2«] for gradient echo or excitation/refo-
cusing FA = [a/2a, 2a/4a] for spin echo acquisitions,**-°
Requires TR > T; in order to remove the T; effect, thus is
very time-consuming. The saturated double-angle method
(SDAM)*4! alleviated this TR restriction by inserting a
B;-insensitive saturation module with a fixed saturation
delay. Both DAM and SDAM are based on multi-slice 2D
imaging, which is affected by imperfect slice profiles due
to RF pulse shapes or By inhomogeneities.> To avoid the
dependence of the excitation profile across each slice, the
so-called actual flip-angle imaging (AFI) method* uses
3D fast gradient echo acquisition in pulsed steady-state
with two interleaved TRs and the same FA. In contrast to
these magnitude-based techniques, a phase-based method
uses the Bloch-Siegert shift to encode the B, information.*3
Both AFTI and Bloch-Siegert methods are still rather slow,
taking minutes to cover a large volume. To speed up the
imaging time to seconds, the dual refocusing echo acquisi-
tion mode (DREAM) method*++7 applies a STEAM prepa-
ration including two RF pulses followed by a 2D FLASH
acquisition to obtain B; information in a single shot.

A more straightforward scheme is to apply a sim-
ple preparation module with only a single RF pulse for
FA-encoding before the 2D FLASH*® or 2D fast spin
echo!! acquisition (termed as RF-prepared method). One
of the RF-prepared methods acquires two scans in a rel-
atively short time, which starts with a B;-insensitive sat-
uration module and a fixed saturation delay to remove
the T; dependence as applied in SDAM, and precedes a
2D FLASH readout with the RF preparation module (for
FA-encoding) in one scan and without this module (for
normalizing) in another scan.**° Thus this last method
eliminates any potential mismatch of RF profiles of two
FAs in the presence of chemical shift (such as fat) or

mea-

By inhomogeneity potentially faced by DAM or SDAM
methods. Furthermore, by having separate preparation,
the acquisition can be designed more flexibly.

In this work, we present a novel RF-prepared approach
by using 3D FLASH acquisition with a long echo train
duration for ultrafast B; mapping. A third scan is added
with the saturation module immediately followed by the
same readout, in order to record the bias from the k-space
filtering effect induced by the T; relaxation during the long
echo train. This bias needs to be subtracted from the first
two images. We describe the theory in more detail below
and compare the 3D RF-prepared method with a number
of 2D or 3D methods for B; mapping of brain, breast, and
abdomen with different shim settings at 3T. 2D DAM was
chosen as the reference method for brain and breast, while
2D SDAM was chosen as the reference for abdomen due to
limited scan time within a single breath-hold.

2 | METHODS

2.1 | Theory

The diagram of the proposed protocol is illustrated in
Figure 1. The first two scans for FA-encoding and nor-
malizing are conducted as in a typical RF-prepared
method.*>*° The FA can be derived from the ratio of the
longitudinal magnetization after an RF-prep pulse with
FA = a, Mp,, and the normalizing magnetization without
this RF-prep pulse, Mporm:

MEa
M norm

— Mnorm : cos(a) — cos(a). (1)
Myorm

As done in SDAM,**#! 3 B;-insensitive saturation module
is used to establish My after saturation recovery during
a fixed delay.

With a two-parameter method, it is assumed that the
acquired signal via a FLASH readout (Sga and Spom) are
proportional to the prepared magnetizations, Spa = C-Mpa
and Syorm = C-Myorm Where C is a constant determined by
voxel sizes and coil specifications. Note that the signal evo-
lution due to T; recovery through the FLASH acquisition
leads to a k-space filtering effect (called partial saturation
effect in the original paper*®), which is not proportional to
the prepared magnetization. To keep this effect ignorable,
the two-parameter method is limited to 2D acquisition
with a short readout duration.

Based on our recent analysis of the point spread func-
tion (PSF) for FLASH acquisition,>® the signal modulation
from this effect could be mainly characterized by the peak
magnitude of the main lobe of the PSF(r), designated as
PSF(0), where the spatial location r = 0 is the center of
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FIGURE 1
mapping technique, including three separate scans required for the

Pulse sequence of the 3D RF-prepared B,

proposed three-parameter method. A B;-insensitive saturation
module followed by a fixed saturation delay is used to generate a
consistent magnetization state for the first and the second scans.
The same 3D FLASH acquisition with low-high profile ordering is
applied for all three scans. In the first scan, an RF-prep module with
a short hard pulse (FA = a) is followed by a FLASH readout to
generate an FA-encoded image. In the second scan, a normalizing
image without applying the RF-prep module is acquired; In the
third scan, the FLASH acquisition is applied immediately after the
saturation module in order to obtain the imaging bias induced by
the T; relaxation during the long readout

the symmetric spatial function. The signal intensity of
a FLASH acquisition is proportional to PSF(0), which is
found to bear a linear relationship (Equation 29 in the PSF
analysis paper>!) with the initial longitudinal magnetiza-
tion, Mprep:

S=C-PSF0)=C-(a-Mpep+b), ()

where a is a slope and b is the intercept (Equation 30 in the
PSF analysis paper>?).

Thus for the first two scans with arbitrarily long read-
out durations,

Snorm = C - ((1 * Myorm + b) (3)
Sga = C - (@ - Myorm - cos(a) + b). (4)

As a result, the FA calculated with the traditional
two-parameter method would lead to biased estimation.

In this work, we propose to obtain the intercept b via
a third image, similar to the normalizing scan but without
the saturation delay. Hence, the signal is acquired immedi-
ately after the longitudinal magnetization is fully saturated
to 0 by the saturation module:

Swt=C-(a-0+b)y=C-b. (5)
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Using a three-parameter method, the bias in FA estimation
can thus be corrected:

Sea — Ssat _ C-(a-Muom - cos(@)+b)—C-b
C-(a-Myym+b)—C-b

= cos(a).
(6)
The relationship of the actual FA («) and the nominal FA

(a"™) is usually described with a B} scale factor k (with
100% as consistent between the two):

Snorm - Ssat

Spa—=S,
arccos <—FA 2t )

a norm_Ssa[
K = W X 100% = qnom

X 100%. 7

It is important to note that, although the formulas above
are based on the main lobe of the PSF, which implies
that intercept b is a positive value, Sy signal may be
affected by the side lobes of PSF of surrounding pixels
as well, which could have negative b values (Figure 4
in the PSF analysis paper>!). Thus, subtractions between
SEa» Snorm and Ssa¢ should consider opposite polarities and
complex-subtraction is preferred in this case. Using com-
plex values also avoids errors in B;* estimation when
a>90°.

2.2 | Experiments

In vivo datasets of three brains, three breasts, and
five abdomens were obtained from six volunteers (four
females, two males; 25-45y old). The study was approved
by the Johns Hopkins School of Medicine Institutional
Review Board and all subjects provided informed con-
sent. Experiments were conducted on a 3T scanner (Inge-
nia; Philips Healthcare, Best, The Netherlands), with
the body coil (maximum amplitude 13.5puT) equipped
with a dual-source parallel RF excitation system.® The
maximum strength of the gradient coil was 40 mT/m
and the maximum slew rate was 200mT/m/ms. A
32-channel head coil, a 16-channel bilateral breast coil,
and a 16-channel anterior torso coil combined with the
12-channel posterior coil under the table were used for
signal reception in brain, breast, and abdomen scans,
respectively.

For the three-parameter method (Figure 1), the
RF-prep module for the FA-encoding scan used a 0.29 ms
non-selective hard pulse with o™ = 60° immediately
followed by spoiler gradients to dephase any residual
transversal magnetization. All three scans applied a com-
mon saturation module, which used a B;-insensitive WET
pre-pulse®? consisting of four pulses with different FAs:
72°,92°,126°, and 193° interspersed with crusher gradients
to null transversal magnetization.
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The FLASH acquisition had a low-high profile order-
ing with the center of the k-space acquired at the beginning
of the readout, and the specific parameters for brain scans
were: TR/TE = 3.4/2.3ms, FOV = 220 %220 X 120 mm?,
imaging matrix = 56 X 56 X 30, acquisition and recon-
struction resolution = 4 X 4 X 4 mm?, readout bandwidth
(BW) = 2975 Hz/pixel, acceleration factor = 3 using the
vendor-provided “Compressed-SENSE (CS)” technology.
To investigate the effect of acquisition duration and satu-
ration delay, the numbers of k-lines per shot were varied,
[25, 50, 100, 225, 450], to have a different number of shots,
[1, 2, 6, 12, 24]. With TR of 3.4 ms, the subsequent acqui-
sition durations per shot were [86, 172, 343, 771, 1542]
ms. For each acquisition scheme, corresponding acquisi-
tion FAs of [18°, 13°, 9°, 6°, 5°] were chosen for optimal
signal contrast per unit time based on the PSF analysis for
FLASH>! using a typical gray matter T; (1400 ms). Differ-
ent saturation delays of [0.5, 1.0, 3.0] s were evaluated for
all these scans while additional [0.75, 2.0, 5.0, 10.0, 20.0]
s were added for the double- and single-shot scans. For
the proposed three-parameter method with a single-shot
acquisition (450 k-lines per shot, 1.54 s acquisition dura-
tion) and 2.0's saturation delay (no saturation delay used
in the third image), the total scan time was only 8.6s.

Five other existing B; mapping methods with matched
FOV, resolution/slice thickness, and the same CS factor of
3 were implemented to compare with our 3D RF-prepared
method in the brain.

1. Single-slice DAM (2D DAM) with 60°/120° excitation
FA by 0.58 ms non-selective hard pulses and single-shot
fast-spin-echo acquisition (echo space of 3.7ms,
slice-selective refocusing FA = 180°), low-high profile
ordering, readout BW = 1691 Hz/pixel, TR = 20, total
scan duration 40 s. For comparison with other methods
with either 3D or multi-slice coverage, three separate
scans were performed in three orthogonal orientations
at the center of the slabs.

2. Single-slice SDAM (2D SDAM) with the same acqui-
sition as used in DAM, the same saturation module
chosen in the RF-prepared protocol with a saturation
delay of 0.5s, TR = 0.58s, total scan duration = 1.2s.
Three separate scans were performed in three orthogo-
nal orientations.

3. Multi-slice SDAM with 2D SDAM repeated for 30 slices,
readout BW = 1583 Hz/pixel, TR = 17 s, total scan dura-
tion = 34s.

4. Multi-slice DREAM with a single-shot 2D FLASH
acquisition of 30 slices, low-high profile ordering, with
TR/TEste/TErp = 4.5/1.7/2.3ms (stimulated echo
first), STEAM/FLASH FA = 60°/15° and their slice
thickness ratio = 2, readout BW = 3382 Hz/pixel, sat-
uration effects mitigated by scanning odd slices first

and then even slices with equal temporal spacings of
0.5s and the acquisition time between neighboring
slices = 8.5, total scan duration = 17s.

5. AFI with 3D FLASH acquisition of 30 slices,

TR;/TR,/TE = 20/100/4.6ms, FA = 60°, readout
BW = 435Hz/pixel, with adequate RF and gradient
spoiling, total scan duration = 148s.

For breast and abdomen scans, the specific acquisi-
tion parameters of the RF-prepared protocol were: FOV =
350 X 350 X 180 mm?, imaging matrix = 58x58x 30,
acquisition and reconstruction resolution = 6 X 6 X 6 mm?3,
readout bandwidth = 2854 Hz/pixel, CS acceleration fac-
tor = 3. The single-shot acquisition (450 k-lines per shot)
and 2.0 s saturation delay was chosen from the brain scan
results for its efficiency (total scan duration kept 8.6 s). For
breast scans, the five other existing B; mapping methods
were also evaluated respectively with matched acquisition
FOV and resolution. For abdomen scans, each method
was acquired during one breath-hold. As a result, the 2D
DAM method was not applied for the abdomen scans as
its 40s scan time is not suitable for single breath-hold
scans. The multi-slice SDAM was acquired with 15 slices
of 12 mm slice thickness, total scan duration = 17s. The
3D AFI was only acquired for 3 slices of 6 mm slice thick-
ness, total scan duration = 15s. Only the axial orientation
was imaged for the 2D DAM scan on breast and the 2D
SDAM scans on both breast and abdomen.

B; shimming with standard single-source RF excita-
tion (“Fixed”) was used for all three organs. For breast
and abdomen scans, a dual-source B; shimming (“Adap-
tive”) was also performed. A vendor-provided B; shim-
ming method based on geometries of individual breasts
(“SMART”) was also applied for breast scans.

2.3 | Data analysis

For the 3D RF-prepared method, both magni-
tude and complex images after CS reconstruction
were recorded. B;* scale maps of the proposed 3D
RF-prepared three-parameter method were calcu-
lated with Equation (7) with both magnitude- and
complex-subtractions between the FA-encoded, the nor-
malizing images and the saturated image pixel by pixel.
The two-parameter results (without subtracting the sat-
urated image) were also calculated for comparison.
Respective B; maps based on other B; methods were com-
puted as well. No image filtering was performed for any
B; maps. A mask for each B; map was manually drawn
from respective raw images to only include brain, breast,
and abdomen tissues and avoid partial volume effect with
air, skin, or skull. Within the mask area, the B; maps



ZHU ET AL. . . . o 761
Magnetic Resonance in MedlcmeJ—
3D RF-prep: 25 k-lines/shot 3D RF-prep: 450 k-lines/shot
a.u I 02000 |
0 0.2 0.4 0.6 0.8 1 -02 0.2 0 0.2 0.4 0.6 0.8 1 -0.2 0 0.2
2D DAM 2p 3p (m-sub) 3p (c-sub) 2p 3p (m-sub) 3p (c-sub)
- v—|.._'1 J-' --n.t‘ || A ‘u.“. I' -“‘d-__\. j--"‘--!~ : ﬂ-‘l . ﬁ-‘
1T lglaols | 6ol
\ RL ¥ JEN AL ¥ IR INE ¥ IEN MR 5 TRN AT 4 TR
B, EEEE I . . —— ] I . . ]
;0% 100% 130% 70% 80% 90% 100% 110% 120% 130% 70% 80% 90% 100% 110% 120% 130%
2p 3p (m-sub) 3p (c-sub) 2p 3p (m-sub) 3p (c-sub)
-, - Y e T i
5 _= “i ' 5 o
=, P el S r
% i . r"ﬁ i". i b
gy
L
RMSE=1.2% RMSE=1.2% RMSE=1.2% RMSE=3.0% RMSE=2.8% RMSE=1.9%
B: error NN . [ . R
-10% -5% 0% 5% 10% -10% -5% 0% 5% 10%

FIGURE 2

Evaluating the 3D RF-prepared B; mapping technique in the brain. (top): the FA-encoded, the normalizing, and the

saturated images acquired with 25 and 450 k-lines per shot for 3D FLASH acquisition and a saturation delay of 3.0's, with the tissue masks

labeled in solid red lines; (middle): the calculated B;* maps using the 2D DAM method, the RF-prepared two-parameter method, and the

three-parameter method with both magnitude- and complex-subtractions; (bottom): their corresponding error maps (RF-prepared — DAM).

RMSE of B; " maps are labeled at the bottom of the corresponding error maps. FA: FA-encoded; Norm: normalizing; Sat: saturated; 2p:

two-parameter method; 3p: three-parameter method; m-sub: magnitude-subtraction; c-sub: complex-subtraction

were quantitatively compared with the DAM (SDAM for
abdomen scans) results using four metrics: (i) RMS error
(RMSE), (ii) error mean, (iii) error standard deviation
(SD), (iv) concordance correlation coefficients (CCC).

3 | RESULTS

The FA-encoded, normalizing and saturated images of an
axial slice of a subject’s brain, using 25 and 450 k-lines
per shot for 3D FLASH acquisition and a saturation
delay of 3.0s, were shown in the first row of Figure 2.
The calculated B; maps from the 2D DAM method, the
3D RF-prepared two-parameter method, and the pro-
posed three-parameter method using both magnitude- and
complex-subtraction methods are displayed in the second
row of Figure 2. The third row exhibits the pixel-wise dif-
ference between the B; maps derived from 3D RF-prepared
methods and 2D DAM method (RF-prepared - DAM).
With only 25k-lines per shot, the signal in the saturated
image is rather small and the two- and three-parameter
methods yielded similarly small errors (RMSE = 1.2%).
When increasing to 450k-lines per shot, the signal in
the saturated image was higher and the two-parameter
method generated higher errors (RMSE = 3.0%), which

was largely corrected via the three-parameter method with
complex-subtraction (RMSE = 1.9%).

Figure 3 and Supporting Information Figure S1, which
is available online arrays the B;* scale maps of one axial
slice of another subject’s brain calculated from single-slice
DAM, single-slice SDAM, multi-slice SDAM, DREAM, 3D
AFI, and the 3D RF-prepared three-parameter method
with complex-subtraction using different numbers of
k-lines per shot with 3D FLASH acquisition and various
saturation delays (where Figure 3 shows all saturation
delays and Supporting Information Figure S1 shows all
different numbers of k-lines per shot). All the results of
the three-parameter method produced consistent B; * scale
distributions resembling five other methods (first row).
The protocols with shorter saturation delays (less than 1s)
yielded lower SNR as expected. The single-shot acquisition
(450 k-lines per shot) and 2.0 s saturation delay produced a
good balance between B1+ mapping accuracy and the scan
time (Supporting Information Figure S2), thus, were cho-
sen as the recommended parameters and are the default
setting for the three-parameter method mentioned below
when not specified otherwise.

B, scale maps of three different brains using the
3D RF-prepared three-parameter method are displayed in
axial, coronal, and sagittal orientations in Figure 4, with
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FIGURE 3

The brain B; " maps of one axial slice calculated from 2D DAM, 2D SDAM, multi-slice (MS) SDAM, MS DREAM, 3D AFI,

and the 3D RF-prepared three-parameter method with complex-subtraction using the double- and single-shot scans (225 and 450 k-lines per
shot) with 3D FLASH acquisition and saturation delays of [0.5, 0.75, 1.0, 2.0, 3.0, 5.0, 10.0, 20.0] s. The total scan time for each method is

labeled at each top left corner
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The brain B;* maps of three subjects using the 3D RF-prepared three-parameter method in axial, coronal, and sagittal

orientations and the corresponding difference maps when referenced to the 2D DAM results separately acquired in the three orientations
(RF-prepared — DAM). RMSE values are labeled at the bottom of the difference maps

B;* scales highest in the center of the cranium (~120%)
reducing to lowest at the peripheral and superior of the
brain (~80%). When using the results by 2D DAM sepa-
rately acquired for each orientation as the reference, their
small differences (RMSE = 2.0-2.7%) indicate consistent
patterns between the two methods.

To exhibit the 3D-nature of the proposed method, B;*
scale maps in axial and sagittal orientations of three dif-
ferent breast at three different shimming conditions from
the multi-slice SDAM method show consistent patterns

with the results from the corresponding reformated slices
of the 3D three-parameter method in Figure 5, with
the differences of B;* scales between left and right
breasts reduced from fixed shims to adaptive and SMART
shims.>® Supporting Information Figure S3 shows the
results of an axial slice of a subject’s breast with the
calculated B;* scale maps from the 2D DAM method,
the 3D RF-prepared two-parameter method and the pro-
posed three-parameter method using both magnitude-
and complex-subtractions, and their respective difference
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FIGURE 5 The breast B;* maps of three subjects under fixed, adaptive, and SMART shims, respectively, from multi-slice SDAM

method in axial and sagittal orientations and the 3D RF-prepared three-parameter method in the corresponding slices with consistent patterns

maps, under fixed, adaptive, and SMART shims respec-
tively. Supporting Information Figure S4 arrays the B;™*
scale maps of one axial slice of another subject’s breast cal-
culated from all six methods at three different shimming
conditions.

Abdominal B;* maps of three subjects at two different
shimming conditions from the multi-slice SDAM method
in axial and coronal orientations show consistent patterns
with the results from the corresponding slices of the 3D
three-parameter method in Figure 6, with the large B;
shading effect under fixed shims mitigated under adap-
tive shims. Supporting Information Figure S5 shows the
results of an axial slice of a subject’s abdomen with the
calculated B;* scale maps from the 2D SDAM method,
the 3D RF-prepared two-parameter method and the pro-
posed three-parameter method using both magnitude-
and complex-subtractions, and their respective difference
maps, under fixed and adaptive shims respectively. Sup-
porting Information Figure S6 arrays the B;* scale maps
of one axial slice of another subject’s abdomen calculated
from five methods (DAM was not performed) at two differ-
ent shimming conditions.

When combining comparison results from all three
organs of all the subjects, including three orientations
for each of the three brains, three shimming condi-
tions for each of the three breasts, two shimming con-
ditions for each of the five abdomens, the RMSE, error
mean, error SD, and CCC values of each B; mapping
method comparing to 2D DAM or SDAM methods for
each organ are plotted in Figure 7 and Supporting Infor-
mation Figure S7, S8, S9, respectively. Their averaged

values across 9 or 10 different data for each method and
each organ are listed in Table 1. Compared to the 3D
RF-prepared two-parameter method, the three-parameter
method using complex-subtraction yielded the averaged
RMSE 38% lower in the brain (2.4% vs. 3.9%), 45% lower in
the breast (4.2% vs. 7.7%), and 27% lower in the abdomen
(8.7% vs. 11.9%); it also had the averaged error mean val-
ues 37% lower in the brain (—1.2% vs. —1.9%), 68% lower in
the breast (1.1% vs. —3.4%), and 85% lower in the abdomen
(—=1.1% vs. —7.3%); its CCC values were 5.9% higher in the
brain (95.9% vs. 90.6%), 22% higher in the breast (83.0%
vs. 68.1%), and 28% higher in the abdomen (68.2% vs.
53.1%) (Table 1). Note that the three-parameter method
using magnitude-subtraction did not show such remark-
able improvements (Figure 7, Table 1). Based on these
quantitative metrics, the 3D RF-prepared three-parameter
method with complex-subtraction delivered consistently
lower RMSE, error mean, error SD, and higher CCC val-
ues than multi-slice DREAM and 3D AFI, and were close
to the results of 2D or multi-slice SDAM (Figure 7, Table 1)
but faster.

4 | DISCUSSION

The proposed three-parameter method enables the exist-
ing RF-prepared B;™ mapping technique to be extended
to 3D FLASH long readout by correcting the T;-induced
quantification bias enabling ultrafast volumetric B;* map-
ping. The original paper® only recognized this k-space
filtering effect and limited the acquisition to 2D FLASH
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The abdomen B;* maps of three subjects under fixed and adaptive shims, respectively, by the multi-slice SDAM method in

axial and coronal orientations and the 3D RF-prepared three-parameter method in the corresponding slices with consistent patterns

acquisition so that this bias is negligible (Figure 2). The
third saturated image added a very short extra time
(1.54s acquisition duration for the single-shot readout)
and revealed this non-negligible bias. B;* maps were
more accurate when subtracting the saturated images
from the FA-encoded and normalizing images respec-
tively, than without this subtraction (Figure 2, Supporting
Information Figures S3, S5). With the finding through
PSF analysis of a linear (not proportional) relationship
between the prepared longitudinal magnetization before
the FLASH acquisition and the image signal (Equation 2),
it became clear that the intercept of the linear func-
tion causes the quantification bias for the established
two-parameter method. Both a higher number of k-lines
per shot and a shorter T; value would lead to larger bias.>
Another character of the PSF of FLASH is its side lobes
oscillating and phase-changing around zero. The tissue
signal with a shorter T; (i.e., fat, white matter) could
turn the surrounding tissue with low intensity due to its
longer T; (i.e., CSF) to a negative signal. In this case, the
magnitude-subtraction would amplify the quantification
bias and the complex-subtraction indeed show better per-
formance in different organs (Figures 2 and 7, Supporting
Information Figures S3, S5, S7, S8, S9, Table 1).
Comprehensive comparisons between the proposed 3D
RF-prepared method and five other established B; map-
ping techniques were performed in the brain, breast, and
abdomen, respectively, for either different orientations or
different shim conditions. Our method delivered similar
performance as 2D or multi-slice SDAM, while taking only
a quarter of the scan time of multi-slice SDAM with the
same spatial coverage and resolution (8.6 s vs. 34s). Com-
pared to multi-slice DREAM, our method yielded largely
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FIGURE 7 The swarm plot of the RMSE values of different

B;* mapping methods compared to 2D DAM or SDAM methods
grouping three orientations for each of the three brains, three
shimming conditions for each of three breasts, two shimming
conditions for each of the five abdomens. Across three organs,
RMSE of the 3D RF-prepared three-parameter (3p) method with
complex-subtraction (c-sub) are consistently lower than the results
of the two-parameter (2p) method or the 3p method with
magnitude-subtraction (m-sub); RMSE of the 3D RF-prepared 3p
method with c-sub are consistently lower than the results of 3D AFI
and are close to the results of 2D or MS SDAM for all three organs,
and are consistently lower than the results of MS DREAM in the
brain and breast and are lower or close to in the abdomen
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RMSE, error mean, error SD, and CCC values of each B; mapping method compared to 2D DAM or SDAM methods

averaged across three orientations for each of the three brains, three shimming conditions for each of three breasts, two shimming

conditions for each of the five abdomens

RMSE
Brain
2D SDAM 1.3+0.3
MS SDAM 2.6+0.7
MS DREAM 53+1.0
3D AFI 9.1+4.6
3D RF-Prep 2p 39+03
3p (m-sub) 4.1+0.9
3p (c-sub) 2.4+0.2
Breast
2D SDAM 27+1.2
MS SDAM 34+14
MS DREAM 74+19
3D AFI 11.6 +4.6
3D RF-Prep 2p 7.7+0.9
3p (m-sub) 6.2+1.9
3p (m-sub) 4.2+1.6
Abdomen
MS SDAM 6.1+2.2
MS DREAM 9.8+4.6
3D AFI 11.2+2
3D RF-Prep 2p 119+1.4
3p (abs) 16.0+4.0
3p (cpx) 8.7+24

Error mean Error SD CCC
0.5+0.6 1.1+0.2 98.9+0.4
1.6 +0.6 2.0+0.5 955+1.1
4.5+0.8 2.7+1.2 84.5+5.1
—-3.3+3.0 8.2+4.1 69.1+16.9
-19+1.0 3.2+0.6 90.6 +2.1
0.6+1.2 39+0.8 89.8+3.5
-1.2+04 20+04 959+1.2
—-0.7+0.6 25+1.3 94.6 +4.8
0.2+1.9 29+1.3 91.5+7.2
6.6+1.9 30+1.4 71.6+19.3
43+3.1 10.2+5.0 54.0 +29.8
-34+1.3 6.8+0.9 68.1 +23.6
39+1.1 4.8+1.6 76.1 +20.1
1.1+14 3.8+1.6 83.0+17.3
—-0.8+3.7 53+1.4 84.1+8.2
5.3+6.5 71+1.0 66.0+18.7
—04+2.9 11+1.6 58.6+12.8
-73+1.2 94+1.1 53.1+9.2
1.9+1.9 15.8+4.1 41.8+16.5
-1.1+1.5 8.5+2.5 68.2+12.7

Note: All values are reported in %. MS: multi-slice, 2p: two-parameter method; 3p: three-parameter method; m-sub: magnitude-subtraction; c-sub:

complex-subtraction.

improved accuracy (RMSE: 2.4% vs. 5.3% in the brain,
4.2% vs. 7.4% in the breast, 8.7% vs. 9.8% in the abdomen;
Table 1) while only taking half of the scan time (8.6s vs.
17s). Note that the DREAM method requires that fully
relaxed longitudinal magnetizations are established prior
to the STEAM preparation pulses for each slice. Its accu-
racy can be affected by the T;-induced saturation effect,
which demands a long waiting time after the previous
sequence (not counted in the 17s scan time) and a long
temporal delay between neighboring slices.*** 3D AFI
method suffered higher errors (Table 1) and longer scan
time (148 s) than all other methods. In addition, ringing
artifacts were also observed in AFI-derived unfiltered B;
maps.!°

Acquiring an additional image with the saturation
preparation has also been proposed for improving the
quantification model of T,-prepared myocardial T, map-
ping using a balanced SSFP acquisition with linear
ramp-up pulses and linear profile ordering.>* In that study,
the saturated image was to capture the T, relaxation effect
by the imaging pulses before acquiring the center of the
k-space. In contrast, our theory is based on the PSF anal-
ysis of this k-space filtering effect for the low-high profile
ordering used in this study (although it also applies to
the linear profile ordering). Furthermore, the myocardial
T, mapping technique assumed that all saturated images
were positive numbers thus only magnitude images were
used for fitting,>* while in the current study negative data
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were observed at some pixels and complex subtraction was
shown to be more successful for improving the quantifi-
cation accuracy (Figures 2 and 7, Supporting Information
Figures S3, S5, S7, S8, S9, Table 1).

Our study had several limitations. 2D DAM with a
single-shot fast-spin-echo acquisition was chosen as the
reference method. DAM is based on the transverse mag-
netization after two hard pulses (60° and 120°, 0.58 ms)
and 3D RF-prep is based on the longitudinal magnetiza-
tion after one hard pulse (60°, 0.29 ms). Their different
sensitivity to By off-resonance or chemical shift such as fat
(Figure 4, Supporting Information Figures S3, S5) needs to
be considered when comparing the two methods. By maps
were not acquired in this study, which could provide useful
information when evaluating the performance of each B,
mapping technique. Last, the saturation module might be
further improved for more robustness to By and B; inho-
mogeneities.”>>> Only a modest CS acceleration factor of
3 was used for all B; mapping techniques. For the RF pre-
pared approach with a separate 3D acquisition, a higher
CS acceleration factor or a stack-of-spiral GRE readout>6->
could be used to further reduce the acquisition time.

5 | CONCLUSIONS

The proposed 3D RF-prepared three-parameter method
with complex-subtraction for B; mapping delivered
consistently higher accuracy in brain, breast, and
abdomen than the traditional two-parameter method,
the three-parameter method with magnitude-subtraction,
the multi-slice DREAM and the 3D AFI, and was close
to the results of 2D or multi-slice SDAM, while only tak-
ing a fraction of time of these existing methods above.
This technique needs to be evaluated in a larger group of
subjects for further evaluation.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. The brain B;* maps of one axial slice cal-
culated from 2D DAM, 2D SDAM, multi-slice (MS)
SDAM, MS DREAM, 3D AFI, and the 3D RF-prepared
three-parameter method with complex-subtraction using
[25, 50, 100, 225, 450] k-lines per shot with 3D FLASH
acquisition and saturation delays of [0.5, 1.0, 3.0] s. The
total scan time for each method is labeled at each top left
corner.

Figure S2. Evaluating the performance of the 3D
RF-prepared three-parameter method with complex sub-
traction using different numbers of k-lines per shot with
3D FLASH acquisition and various saturation delays, the
mean and standard deviation of root mean square error
(RMSE) values of each resulting B;* maps compared with
the 2D DAM in axial, coronal, and sagittal orientations for
each of the three brains are compared. It can be observed
that the protocol with a single-shot acquisition (450 k-lines
per shot) and a 2.0s saturation delay (the orange bar)
produced a good balance between B;* mapping accuracy
(RMSE = 2.4+ 0.2%) and the scan time (8.6s).

Figure S3. Evaluating the 3D RF-prepared B;* map-
ping technique in the breast under fixed, adaptive, and
SMART shims, respectively. For each shim condition,
(top): the FA-encoded, the normalizing, and the satu-
rated images, with the tissue masks labeled in solid
red lines; (middle): the calculated B;* maps using the
2D DAM method, the 3D RF-prepared two-parameter
method, and the three-parameter method with both
magnitude- and complex-subtractions; (bottom): their
corresponding error maps (RF-prepared - DAM) with
the averaged RMSE (root mean square error) indicated
at the top right corners. FA: FA-encoded; norm: nor-
malizing; sat: saturated; 2p: two-parameter method; 3p:
three-parameter method; m-sub: magnitude-subtraction;
c-sub: complex-subtraction.

Figure S4. The breast B;* maps of one axial slice
under fixed, adaptive, and SMART shims, respectively,
calculated from 2D DAM, 2D SDAM, multi-slice (MS)
SDAM, MS DREAM, 3D AFI, and the 3D RF-prepared
three-parameter method with complex-subtraction.
Figure S5. Evaluating the 3D RF-prepared B;* map-
ping technique in the abdomen under fixed and adap-
tive shims, respectively. For each shim condition, (top):
the FA-encoded, the normalizing, and the saturated
images, with the tissue masks labeled in solid red
lines; (middle): the calculated B;* maps using the
2D DAM method, the 3D RF-prepared two-parameter
method, and the three-parameter method with both

magnitude- and complex-subtractions; (bottom): their
corresponding error maps (RF-prepared - DAM) with
the averaged RMSE (root mean square error) indicated
at the top right corners. FA: FA-encoded; norm: nor-
malizing; sat: saturated; 2p: two-parameter method; 3p:
three-parameter method; m-sub: magnitude-subtraction;
c-sub: complex-subtraction.

Figure S6. The abdomen B;* maps of one axial slice under
fixed, adaptive, and SMART shims, respectively, calcu-
lated from 2D SDAM, MS SDAM, MS DREAM, 3D AFI,
and the 3D RF-prepared three-parameter method with
complex-subtraction.

Figure S7. The swarm plot of the error mean values of
different B;* mapping methods compared to 2D DAM
or SDAM methods grouping three orientations for each
of the three brains, three shimming conditions for each
of three breasts, two shimming conditions for each of
the five abdomens. Across three organs, error mean of
the 3D RF-prepared three-parameter (3p) method with
complex-subtraction (c-sub) are consistently lower than
the results of the two-parameter (2p) method or the 3p
method with magnitude-subtraction (m-sub); error mean
of the 3D RF-prepared 3p method with c-sub are consis-
tently lower than the results of MS DREAM and are close
to the results of 2D or MS SDAM for all three organs,
and are consistently lower than the results of 3D AFI
in the brain and breast and are lower or close to in the
abdomen.

Figure S8. The swarm plot of the error standard deviation
(SD) values of different B;* mapping methods compared
to 2D DAM or SDAM methods grouping three orientations
for each of the three brains, three shimming conditions
for each of three breasts, two shimming conditions for
each of the five abdomens. Across three organs, error SD
of the 3D RF-prepared three-parameter (3p) method with
complex-subtraction (c-sub) are consistently lower than
the results of the two-parameter (2p) method or the 3p
method with magnitude-subtraction (m-sub); error SD of
the 3D RF-prepared 3p method with c-sub are consistently
lower than the results of 3D AFI and are close to the
results of MS DREAM and 2D or MS SDAM for all three
organs.

Figure S9. The swarm plot of the concordance correlation
coefficient (CCC) values of different B;* mapping meth-
ods compared to 2D DAM or SDAM methods grouping
three orientations for each of the three brains, three shim-
ming conditions for each of three breasts, two shimming
conditions for each of the five abdomens. Across three
organs, CCC of the 3D RF-prepared three-parameter (3p)
method with complex-subtraction (c-sub) are consistently
higher than the results of the two-parameter (2p) method
or the 3p method with magnitude-subtraction (m-sub);



ZHU ET AL.

CCC of the 3D RF-prepared 3p method with c-sub are
largely higher than the results of 3D AFI and are close to
the results of 2D or MS SDAM for all three organs, and are
consistently higher than the results of MS DREAM in the
brain and breast and are close to in the abdomen.

. . o e 769
Magnetic Resonance in MedlcmeJ—

How to cite this article: Zhu D, Schir M, Qin Q.
Ultrafast B1 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



	Ultrafast B1 mapping with RF-prepared 3D FLASH acquisition: Correcting the bias due to T1-induced k-space filtering effect 
	1 INTRODUCTION
	2 METHODS
	2.1 Theory
	2.2 Experiments
	2.3 Data analysis

	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS

	ORCID
	References
	Supporting Information

