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Abstract

Purpose: This work demonstrates a new variant of the 3DREAM sequence for

whole-brain B+

1 mapping employing a three-dimensional (3D) stack-of-spirals

readout. The spiral readout reduces the echo train length after the STEAM

preparation in order to overcome the significant blurring in STE* images due to

the decreasing STE* signal with each excitation pulse.

Methods: The 3DREAM sequence rapidly acquires two contrasts to calcu-

late whole-brain flip angle maps. In the proposed spiral 3DREAM sequence,

the Cartesian readout scheme is replaced by an accelerated 3D stack-of-spirals

readout with a CAIPIRINHA sampling scheme. Phantom experiments were

conducted to compare flip angle maps of the spiral 3DREAM sequence to a

Cartesian 3DREAM sequence, an actual flip-angle-imaging (AFI) sequence, the

dual-angle method, and the Bloch–Siegert shift method. Afterwards, the results

were validated in vivo acquiring flip angle maps from five subjects.

Results: Flip angle maps of the spiral 3DREAM sequences showed high agree-

ment with the reference methods both in phantom and in vivo experiments.

Blurring in STE* images and flip angle maps was reduced compared to the

Cartesian 3DREAM sequence.

Conclusion: The spiral 3DREAM sequence utilizes a fast readout minimizing

the echo train length of the imaging train. This reduces blurring in STE* images

as well as the total acquisition time and increases the effective resolution of B+

1

maps.
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1 INTRODUCTION

Themeasurement of the applied radiofrequency (RF) field

(B+

1 ) is important for different MRI applications, includ-

ing accurate scaling of RF power to achieve the desired

flip angle1 and, particularly, quantitative MR imaging.2 B+

1

maps are also used on parallel transmit systems for static

RF shimming or the calculation of dynamic pTx pulses.3

The different approaches for the measurement of RF

fields can be divided into magnitude- and phase-based

methods. Magnitude-based methods include the (sat-

urated) dual-angle B+

1 mapping method based on a
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GRE acquisition,4,5 the actual flip-angle-imaging (AFI)

method,6 and the RF-prepared three-dimensional

(3D) FLASH acquisition.7 The phase-sensitive method

developed by Morell8 and B+

1 mapping based on the

Bloch–Siegert shift (BSS)9 are examples for phase-based

methods. Several approaches for flip angle mapping are

based on a stimulated echo (STE) signal.10–14 One of

these approaches is the dual refocusing echo acquisition

mode (DREAM) sequence,14 which consists of a STEAM

preparation, followed by a low-angle imaging pulse train

acquiring two signals—the free induction decay (FID) and

the virtual stimulated echo (STE*). Separating B+

1 and spa-

tial encoding weakens the specific absorption rate (SAR)

burden and the quasi-simultaneously measurement of the

two signals accelerates the scan and allows for volumetric

B+

1 mapping.
14,15 The volumetric DREAM sequence15 uses

slice-selective pulses both for the STEAM preparation

and for the imaging train and an interleaved slice acqui-

sition order. Recently, DREAM has been extended to the

3DREAM sequence with a 3D readout16 allowing for rapid

whole-brain B+

1 mapping. In the 3DREAM sequence, a

single STEAM preparation with nonselective block pulses

is applied before the 3D Cartesian imaging train. As a

result, the STE* signal decreases as it is “consumed” with

each excitation, whereas the FID signal evolves toward a

steady state.16 The STE* decay is mainly determined by

the excitation flip angle, the number of total excitations

(echo train length—ETL), T1 and TR16 and can result in

strong blurring leading to artifacts in resulting flip angle

maps. One solution to compensate for the different evolu-

tion of FID and STE* signals, is to apply a filter on the FID

images to align blurring levels,16 however, decreasing the

effective resolution.

The approach used in this work is based on the

3DREAM sequence and differs in terms of k-space acqui-

sition in the imaging train. Instead of a Cartesian two

phase encoding order, a non-Cartesian 3D stack-of-spirals

readout is used to acquire the STE* and FID signals.

Non-Cartesian k-space acquisition with spiral k-space tra-

jectories benefits from short scan duration compared to

conventional spin-warp sequences.17 This advantage is

used for the 3DREAM sequence to decrease the ETL and

counteract the fast decay of the STE* signal16 for reduced

blurring and a higher effective resolution of B+

1 maps.

2 METHODS

2.1 Implementation of spiral 3DREAM

Figure 1 shows the spiral 3DREAM sequence. The

STEAM preparation is the same as in the original Carte-

sian 3DREAM16 using two nonselective block pulses.

Fat saturation before the first STEAM preparation pulse

(not shown) and two slab-selective binomial pulses for

water-specific excitation18 are used to reduce chemical

shift artifacts.

The STE* signal is dephased by the first gradient GM

on the slice axis. The gradient G-M has the same absolute

gradientmoment with opposite sign and thus rephases the

STE* signal, while dephasing the FID signal:

∫ GM dt = −∫ G-M dt. (1)

The FID signal is rephased with the second gradient GM.

GM and G-M are further referred to as “signal separation

gradients.” In contrast to the original 3DREAM, these gra-

dientswere applied along the slice direction to reduce eddy

current effects on the spiral trajectory.

The STE* and FID signals were acquired with an accel-

erated 3D stack-of-spirals readout. Since the STE* and FID

had the same effective TE, the flip angle quantification

was T2 compensated.15 A dual-echo GRE reference scan

was acquired before the spiral 3DREAM to calculate coil

sensitivity and B0 field maps. The spiral 3DREAM was

implemented in Pulseq.19,20

2.2 Reconstruction

Reconstruction was done with an iterative SENSE recon-

struction21 using the PowerGrid toolbox.22 The reconstruc-

tion included a time-segmented B0 correction23 with the

B0map calculated from the dual-echoGRE reference scan.

Coil sensitivity maps were calculated from the first echo

of the reference scan with the ESPIRiT algorithm.24 Image

reconstructionwas implemented as part of an open-source

imaging workflow.25

To equalize blurring due to different signal evolu-

tion of STE* and FID, the FID images were filtered

after reconstruction using a global filter as proposed in

Reference 16.

2.3 Phantom experiments

All measurements were performed on a MAGNETOM 7T

Plus scanner (Siemens Healthineers AG, Germany) with

a 32-channel receive, single-channel transmit coil (Nova

Medical) on a homogeneous phantom26 (Table S1). Flip

angle maps were acquired with the spiral and Cartesian

3DREAM at an isotropic resolution of 5 mm (field of view:

200 × 200 × 200mm3). The dual-angle method (DAM),4

the BSS method9 and an AFI sequence6 were used as

reference methods.
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F IGURE 1 The spiral

3DREAM sequence starts with

a STEAM preparation sequence

with nonselective block pulses

(flip angle �) followed by a

spiral imaging train. Here, TS is

the STEAM preparation pulse

interval and TM is the mixing

time. Fat saturation before the

STEAM preparation (not

shown) and binomial (1-1)

pulses (flip angle �) at the

beginning of the spiral imaging

train are used to suppress fat

signal. The gradients GM and

G-M have equal absolute

gradient moments with

opposite sign leading to a

separation of the two signals in

k-space. In the sequence

utilized at the scanner, the

phase encoding gradient, the

second slab selection rephaser

and the gradient G-M were

merged into one gradient.

The spiral 3DREAM data were acquired in transversal

orientation with flip angles � = 50◦ and � = 5◦ (TESTE∗ =

0.72 ms, TEFID = 4.28ms). The spiral readout consisted

of one interleaf per partition with an in-plane acceler-

ation of Rint = 5 and without additional acceleration in

phase-encoding direction (RPh = 1). A controlled alias-

ing in parallel imaging results in higher acceleration

(CAIPIRINHA)-shift of � = 4 was applied27 by using dif-

ferent sets of spiral interleaves in subsequent partitions

(partition 1: first interleaf, partition 2: fifth interleaf, etc.).

The ETL was 40 and the acquisition time (TA) exclud-

ing the reference scan was 0.33 s. The reference scan

was acquired at the same field of view and resolution as

the spiral scan. All sequence parameters can be found

in Table S2.

The Cartesian 3DREAM data was acquired in sagittal

orientation with nonselective pulses in the imaging train

(TESTE∗ = 1.06 ms, TEFID = 2.26ms). An acceleration fac-

tor of R = 2 × 2 in phase encoding directions led to an ETL

of 400 and TA of 1.33 s. A CAIPIRINHA-shift of � = 1 was

applied (implemented as in Reference 16). Flip angles �

and � were the same as in the spiral sequence. Compared

to the original 3DREAM,16 a spoiling moment was added

to the signal separation gradients in readout direction to

better separate STE* and FID signals (Figure S1).

AFI flip angle maps were obtained using a flip angle

of 50◦, an acceleration factor of R = 2, TR1 = 20ms, TR2 =

100ms, TE = 0.97ms and TA = 80 s. The BSS sequence

acquired two images with ±5 kHz off-resonant Fermi

pulses (peak B+

1 = 7.72 μT), an imaging flip angle of

20◦, TE = 6.25ms and TR = 100ms. For the DAM, two

3D-GRE scanswith flip angles 60◦ and 120◦were acquired.

TE = 0.95ms andTR = 4 swere chosen to allow for almost

full relaxation considering T1 = 840ms of the phantom.

Both scans resulted in TA = 42 min.

Flip angle maps of both 3DREAM sequences were

compared with the reference methods using scatter-

plots, Pearson correlation coefficients and a linear fit

for which the root-mean-square error (RMSE) was cal-

culated. A centrally located sphere with a radius of ten

voxels was selected as the region of interest, as signal

dropouts were observed outside this sphere due to the

high dynamic range of B+

1 in the phantom.26 All flip

angle maps were registered to the magnitude image of the

AFI sequence using FSL FLIRT28 and a brain mask29 fol-

lowed by an eroding kernel, which was applied onto the

maps.

To investigate the impact of acceleration on the flip

angle maps obtained from the spiral 3DREAM, a nonac-

celerated spiral scan was acquired (ETL: 200). The nonac-

celerated scanwas additionally executedwith a segmented

acquisition to keep the ETL per segment the same as in

the accelerated scan. The segmented version consisted of

five segments each with an own STEAM preparation and

a waiting time of 3 s in-between segments to allow for

relaxation.
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The repeatability of B+

1 mapping with the accelerated

spiral 3DREAM sequence was investigated by repeating

the measurement in a second scan session on a different

day (test–retest). The intraclass correlation coefficient30

for two-way mixed effects, single raters, was calculated

and a Bland–Altman plot along with the reproducibility

coefficient and the coefficient of variation was created to

evaluate the repeatability of flip angle maps in test and

retest measurements.

2.4 In vivo experiments

In vivo data were acquired with both 3DREAM sequences

and the AFI sequence from five healthy volunteers (three

male, two female, age between 24 and 48) after giving

informed consent. The DAM and BSS were not performed

in vivo. For the DAM the acquisition time was too high,

making it susceptible to motion, and for the BSS the

energy of the off-resonant pulses was too low for accu-

rate flip angle mapping due to specific absorption rate

constraints.

Data were acquired at 5 and 3 mm isotropic resolution.

The parameters of the scan at 5mm resolution were the

same as for the phantom experiments, but one interleaf

with Rint = 6, RPh = 1 and � = 5 were chosen (TESTE∗ =

0.72 ms, TEFID = 3.96ms, ETL = 40, TA = 0.30 s). The

scan at 3mm resolution had a field of view of 216 × 216 ×

216mm3. The spiral sequence parameters were: TESTE∗ =

0.88 ms, TEFID = 6.28ms, ETL = 72, TA = 0.87 s. The res-

olution of the spiral reference scan was limited to 4.32mm

to not excessively increase scan time. The acceleration

of the Cartesian 3DREAM was increased to R = 2 × 4

with � = 2 to decrease the ETL (TESTE∗ = 1.25 ms, TEFID =

2.5ms, ETL = 648, TA = 2.39 s). All other parameters of

both 3DREAM sequences were kept the same as for the

5mm in vivo scan. The parameters of the AFI sequence

were kept the same as in the phantom experiments except

for TE = 1.10ms, resulting in TA = 4 min for the scan

with 3mm resolution. To investigate the effect of blur-

ring in the STE* image, FID images of both 3DREAM

sequences were reconstructed with and without the global

filter and the high-frequency error norm was calculated.31

The global filter was applied onto synthesized k-space

data as it describes the STE* decay and blurring of both

3DREAMsequenceswas comparedwith the FWHMof the

reconstructed point object for 3 and 5 mm.

We observed different artifacts especially in the STE*

images of the Cartesian and spiral 3DREAM depending

on the moment and orientation of the signal separation

gradients. Therefore, we acquired (a) the spiral 3DREAM

with these gradients either in slice (Gz) or in one of the

readout directions (Gx) and (b) the Cartesian 3DREAM

with and without the spoiling moment added to the gradi-

ents (Figure S1). Changing the signal separation gradients

required a slight adjustment of the timing parameters (spi-

ral 3DREAM: label “5mm (RO)” in Table S2; Cartesian

3DREAM: TESTE∗ = 1.37 ms, TEFID = 2.46ms).

Flip angle maps of the 3DREAM sequences and the

AFI were compared as in the phantom experiments.

3 RESULTS

Figure 2 shows flip angle maps of one coronal and

transversal slice in the phantom’s center. The Pearson

correlation coefficients and the linear fits indicate high

agreement of both 3DREAM sequences with the refer-

ence methods. The slope of the linear fits of the spiral

3DREAMwas higher compared to the Cartesian 3DREAM

for all comparisons, however, in the AFI comparison,

the RMSE was slightly increased for the spiral 3DREAM.

For both 3DREAM sequences, but enhanced for the spi-

ral 3DREAM, the coronal image contained a region with

increased blurring at the bottom of the phantom, where

low flip angles were observed.

Figure S2 shows the results for the nonaccelerated,

accelerated, and nonaccelerated segmented spiral scans.

The accelerated scan had a similar Pearson correlation

coefficient and RMSE, but higher slope in the compari-

son with the AFI as the nonaccelerated segmented scan.

An artifact (white arrow) was observed at the bottom of

the phantom in the accelerated scan. The nonaccelerated

nonsegmented scan showed significantly stronger blur-

ring compared to the accelerated and segmented scans and

underestimated high flip angles when compared to the

AFI. The results of the spiral 3DREAM test–retest mea-

surements are shown in a Bland–Altman plot (Figure S3).

The plot demonstrates larger differences at lower angles

and an absolute mean difference close to zero. The intra-

class correlation coefficient (0.993), reproducibility coeffi-

cient (3.139 ◦), and coefficient of variation (5.426%) imply

excellent test–retest reliability.

Figure 3 shows flip angle maps of one subject at 3

and 5mm resolution acquired with the AFI and both

3DREAM sequences and the corresponding scatterplots.

Overall, the flip angle distribution was similar for all three

sequences with larger flip angles in the center of the

brain and lower flip angles present in peripheral parts

of the brain. 3DREAM flip angle maps at both resolu-

tions showed some ventricular contrast, which was more

pronounced in the Cartesian 3DREAM and stronger at

3 mm resolution compared to 5 mm resolution. The high

agreement of both 3DREAM sequences with the AFI was

reflected in high correlation coefficients and low RMSE

(Table 1). Both 3DREAM sequences performed similarly,
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F IGURE 2 Left: Flip angle maps of the 3DREAM sequences, the actual flip-angle-imaging (AFI), the dual-angle method (DAM), and

the Bloch–Siegert shift (BSS) with an isotropic resolution of 5mm for one coronal and one transversal slice. Right: Scatterplots comparing flip

angle maps of the 3DREAM sequences to the three reference methods. The linear fit is shown as a red line alongside with the fit parameters

and correlation coefficients �. The black line is the identity. A sphere, centered in the middle of the phantom and with a radius of ten voxels is

selected for the comparison. The selected region for the comparison is shown in the inset of the first scatterplot.

F IGURE 3 Top row: Normalized flip angle maps of subject 5 at (A) 3mm and (B) 5mm resolution from the Cartesian 3DREAM at the

top, the spiral 3DREAM in the middle and the AFI in the bottom row. One central slice for each view (sagittal, coronal and transversal) is

presented. Bottom row: Linear fits for the comparison of the masked flip angle maps with normalized axes for 3mm (C,D) and 5mm (E,F)

resolution. The linear fit is shown as a red line alongside with the fit parameters and correlation coefficients �. The black line is the identity.

In addition, the dashed line marks the flip angle 50◦ and thus the beginning of the underestimation at higher flip angles.
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TABLE 1 Subject information including the subject number (#), age, gender (f: female, m: male) and the results of the linear fit

for the comparison of Cartesian 3DREAM and AFI (C-A) and spiral 3DREAM and AFI (S-A) are shown for all five subjects.

Slope Intercept � RMSE

# Age Gender C-A S-A C-A S-A C-A S-A C-A S-A

1 24 f 0.91 0.96 0.09 0.03 0.98 0.97 0.03 0.04

0.87 0.91 0.10 0.07 0.98 0.98 0.03 0.03

2 28 m 0.86 0.91 0.09 0.03 0.97 0.96 0.03 0.03

0.84 0.84 0.12 0.12 0.96 0.96 0.03 0.04

3 26 m 0.86 0.87 0.10 0.08 0.97 0.97 0.03 0.03

0.81 0.84 0.17 0.16 0.97 0.97 0.03 0.03

4 48 f 0.85 0.86 0.10 0.07 0.98 0.97 0.03 0.03

0.83 0.84 0.14 0.12 0.97 0.97 0.03 0.03

5 41 m 0.96 0.98 0.03 -0.02 0.98 0.97 0.03 0.03

0.86 0.94 0.13 0.05 0.98 0.98 0.03 0.03

Notes: Listed are the slope and the intercept of the fit, the Pearson correlation coefficient � and the RMSE for 3mm resolution in the first row of each

subject and 5mm resolution in the second row accordingly.

however the spiral 3DREAM had a slope closer to one and

lower intercepts. A slight systematic underestimation at

high flip angles (>50◦, dashed line)wasmost visible for the

Cartesian 3DREAM at 5 mm resolution.

Figure 4I shows in vivo STE* and FID images of both

3DREAM sequences, acquired at an isotropic resolution of

3 mm. The contrast of both STE* and FID was different

between the two 3DREAM sequences due to the differ-

ence in TE. In the spiral data the white to gray matter

contrast was higher in FID images compared to the Carte-

sian sequence. Blurring in spiral STE* images was less

pronounced than in Cartesian STE* images. This becomes

apparent comparing the filtered FID images, where the

blurring levels were aligned to the STE* images and com-

paring the high-frequency error norm: (Cartesian: 0.805,

spiral: 0.386). The global filter did not alter the spiral FID

signal as strong as the Cartesian FID. At 5mm resolu-

tion the blurringwas decreased (Figure S4, high-frequency

error norm: Cartesian: 0.639, spiral: 0.100). These obser-

vations meet the lower FWHM of a global filtered point

object for the spiral 3DREAM compared to the Cartesian

3DREAM (Figure S5C).

Figure 4II presents results with and without mod-

ified signal separation gradients at 5 mm resolution.

Ring-shaped artifacts (red arrows) in readout direction

(yellow arrows) appeared in the STE* images without

modification of the signal separation gradients. For the

Cartesian 3DREAM, the artifact was located at the top of

the head (a) and for the spiral 3DREAM, it was located

near the ear region (b). These artifacts were not visi-

ble in the FID images, but translated to the flip angle

maps.

4 DISCUSSION

The results demonstrate accurate B+

1 quantification with

the spiral 3DREAM sequence with high statistical agree-

ment to reference sequences, here the AFI, DAM, and

BSS. In phantom experiments, the reduction of the ETL in

the spiral 3DREAM compared to the Cartesian 3DREAM,

combined with one spiral interleaf in-plane, led to an

increased slope of the fit, indicating less underestimated

flip angles due to less filtering of STE* near the k-space

center.15 As demonstrated in Figure S5B, the trajectory

led to reduced blurring. The small RMSE differences of

the 3DREAM sequences originate mostly from voxels with

lower flip angles. As demonstrated in the Bland–Altman

plot, the computation precision decreases at low STE* sig-

nal. The registration partly smoothes these regions leading

to small RMSE differences of the 3DREAM sequences.

The results from the phantom experiment with

the accelerated, nonaccelerated and nonaccelerated seg-

mented version of the spiral sequence justify the choice of

the acceleration factor. Results from the accelerated scan

were close to results of the nonaccelerated segmented ver-

sion, except for an artifact in a low-SNR region, but with

a slope closer to one, which might be attributed to motion

artifacts in the segmented scan.16 Additionally, TA of the

segmented scan increases due towaiting time between seg-

ments.16 The long ETL combined with five in-plane inter-

leaves of the nonaccelerated nonsegmented scan resulted

in significantly increased blurring and underestimated

high flip angles as less signal was present in k-space. The

test–retest demonstrated high repeatability and a lack of

systematic errors.
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F IGURE 4 (I) One sagittal, coronal

and transversal slice of the STE* at 3 mm

resolution is shown for both Cartesian (top)

and spiral (bottom) 3DREAM sequences.

Additionally, the transversal slice of the free

induction decay (FID) is displayed on the

right, with and without the FID filter

applied. (II) (A) Sagittal STE* and FID

images at 5 mm resolution as well as

normalized flip angle maps of the Cartesian

3DREAM sequence without (w/o) and with

(w) modified signal separation gradients.

The red arrows point to the ring-shaped

artifacts in the STE* images and in the flip

angle maps. The yellow arrow indicates the

readout direction. (B) The same results are

shown for the spiral sequence, but a

transversal slice is displayed as the readout

direction differs from the Cartesian

sequence. All images were obtained from

subject 5.

The flip angle maps of the 3DREAM and AFI were

in high agreement in vivo as well. In References 15 and

16, the observed ventricular contrast is attributed partly

to tissue properties, but also to an increased T1 and T2
decay of the STE*. As can be seen in Figure S5C, the spi-

ral 3DREAM leads to less STE* decay compared to the

Cartesian 3DREAM, explaining the reduced ventricular

contrast, especially at 3 mm resolution. Due to the lower

ETL, the 5 mm flip angle maps suffered less from the

STE* decay, but both 3DREAM sequences performed well

also at 3 mm resolution. Due to less STE* signal filtering

near the k-space center, the slope of the spiral 3DREAM

fit is increased, indicating a lower flip angle underes-

timation.15 As in the phantom experiments, the spiral

3DREAM shows a slightly higher RMSE than the Carte-

sian 3DREAM after registration. Despite using six inter-

leaves, the higher TE of the spiral 3DREAM increases the

RMSE in regions with lower T∗

2, but only to a small extent.

Using more interleaves would decrease TE, but increases

ETL leading to more STE* blurring. Higher acceleration

decreases blurring, but is limited by coil sensitivities and

decreased SNR.

As demonstrated in Reference 16, applying the correct

global filter on the FID eliminates erroneous flip angles

at the edge of the brain. The flip angle maps demonstrate

equalized blurring for both contrasts using the global fil-

ter for the spiral 3DREAM as presented for the Cartesian

3DREAM in Reference 16. As the ETL was significantly

shorter in spiral acquisitions, a much weaker filter was

needed, which increased the effective resolution of the

flip angle maps. Both the TR and the ETL are essential

parameters determining the blurring in the images, how-

ever, as can be seen in Figure S5C, the impact of the

shorter ETL of the spiral 3DREAM leads to a stronger

blurring reduction than the reduced TR of the Cartesian

3DREAM.

The observed ring-shaped artifacts in STE* images and

flip angle maps, are attributed to folding of FID and STE*

signals in k-space. Particularly, the dominant FID signal

folds into the STE* signal. Applying the signal separa-

tion gradients of the spiral 3DREAM in slice direction

instead of in readout direction led to a better separa-

tion of the FID and STE* k-spaces. This also reduced

eddy current effects of the spoilers on the spiral readout,

as cross-responses from other gradient axes are typically

small.32 The improved separation of k-spaceswith an addi-

tional spoilingmoment in theCartesian 3DREAMreduced

artifacts in a similar way.
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The RF-prepared 3D FLASH method7 has a wider

dynamic range and includes correction for ventricular con-

trast. Similar to 3DREAM it acquires whole brain flip

angle maps in seconds, however, it requires two shots,

which increases motion sensitivity. In contrast, 3DREAM

acquires both contrasts in one shot.

5 CONCLUSIONS

An extension of the 3DREAM sequence with a

stack-of-spirals readout was presented. The spiral

3DREAM produced comparable B+

1 mapping results

to the existing Cartesian 3DREAM and to other estab-

lished methods such as AFI. Comparing the 3DREAM

sequences, the Cartesian 3DREAM with its shorter TE

is more robust against low T∗

2 regions than the spi-

ral 3DREAM. However, the reduced ETL of the spiral

3DREAM leads to less filtering of high k-space frequen-

cies, reducing the blurring in all encoding directions and

the ventricular contrast. This allows for a higher effec-

tive resolution and also reduces filtering near the k-space

center, reducing underestimation of high flip angles.
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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. Physical parameters and composition of the

phantom used in phantom experiments.

Table S2.Measurement parameters of the spiral 3DREAM

sequence for different resolutions. The abbreviations

are as follows: tbp = time bandwidth product; int =

accelerated spiral interleaves; Ph = phase encoding

steps; Rint = in-plane acceleration; RPh = acceleration in

phase-encoding direction; � = CAIPIRINHA shift; ETL =

echo train length; TM =mixing time; TS = STEAM prepa-

ration pulse interval; TA = acquisition time. “5 mm (RO)”

refers to the spiral scan with modified signal separation

gradients applied in readout direction.

Figure S1. (a) The sequence diagram of the modified

Cartesian 3DREAM with an additional spoiler moment

(highlighted in yellow) between the STE* and FID read-

outs to better separate the signals in k-space. (b) The

sequence diagram of the spiral 3DREAM sequence (Figure

1) with signal separation gradients in slice direction.

Figure S2. Phantom experiments with different accelera-

tion of the spiral 3DREAMsequence. Top row:One sagittal

5 mm slice in the phantom’s center for a non-accelerated,

accelerated, and non-accelerated segmented spiral scan.

Bottom row: Scatterplots with linear fits for the compar-

ison of the flip angle maps to the AFI sequence with

normalized axes, corresponding to the three acceleration

schemes. The selected region for the comparison is placed

in the bottom-right hand corner. A white arrow points

to a region with increased blurring at the bottom of the

phantom, which is not present in the non-accelerated seg-

mented scan.

Figure S3. Bland-Altman plot for the test-retest measure-

ment of the spiral 3DREAM sequence. Solid lines repre-

sent the absolute mean difference of the two measure-

ments and the limits of agreement, calculated as 1.96 × �,

where � is the standard deviation.

Figure S4.One sagittal, coronal and transversal slice of the

STE* at 5 mm resolution is shown for both Cartesian (top)

and spiral (bottom) 3DREAM sequences. Additionally, the

transversal slice of the FID is displayed on the right, with

and without the FID filter applied.

Figure S5. To investigate the STE* decay, a fully sampled

k-space of ones was synthesized with different spiral tra-

jectories and the global filter was applied onto each inter-

leaf. The FWHM of the reconstructed, zero-padded point

spread function (PSF) shows the STE* blurring effect.

How to cite this article: Niesen S, Veldmann M,

Ehses P, Stöcker T. Spiral 3DREAM sequence for

fast whole-brain B1 mapping.Magn Reson Med.

2025;93:321-329. doi: 10.1002/mrm.30282
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