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Purpose: To demonstrate that fluid and white matter suppression (FLAWS) imag-
ing can be used for high-resolution T1 mapping with low transmitted bias field (B+

1
)  

sensitivity at 7T.
Methods: The FLAWS sequence was optimized for 0.8-mm isotropic resolution 
imaging. The theoretical accuracy and precision of the FLAWS T1 mapping was 
compared with the one of the magnetization-prepared two rapid gradient echoes 
(MP2RAGE) sequence optimized for low B+

1
 sensitivity. FLAWS images were ac-

quired at 7T on six healthy volunteers (21 to 48 years old; two women). MP2RAGE 
and saturation-prepared with two rapid gradient echoes (SA2RAGE) datasets were 
also acquired to obtain T1 mapping references and B+

1
 maps. The contrast-to-noise 

ratio (CNR) between brain tissues was measured in the FLAWS-hco and MP2RAGE-
uni images. The Pearson correlation was measured between the MP2RAGE and 
FLAWS T1 maps. The effect of B+

1
 on FLAWS T1 mapping was assessed using the 

Pearson correlation.
Results: The FLAWS-hco images were characterized by a higher brain tissue CNR 
(CNRWM∕GM =5.5, CNRWM∕CSF =14.7, CNRGM∕CSF =10.3) than the MP2RAGE-
uni images (CNRWM∕GM =4.9, CNRWM∕CSF =6.6, CNRGM∕CSF =3.7). The theoreti-
cal accuracy and precision of the FLAWS T1 mapping (acc=91.9%; prec=90.2%)  
were in agreement with those provided by the MP2RAGE T1 mapping 
(acc=90.0%; prec=86.8%). A good agreement was found between in vivo T1 values 
measured with the MP2RAGE and FLAWS sequences (r = 0.91). A weak correla-
tion was found between the FLAWS T1 map and the B+

1
 map within cortical gray 

matter and white matter segmentations (rWM =−0.026; rGM =0.081).
Conclusion: The results from this study suggest that FLAWS is a good candidate 
for high-resolution T1-weighted imaging and T1 mapping at the field strength of 7T.
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1  |   INTRODUCTION

The increased signal available from 7T MRI has significant 
clinical potential for the study of human brain structures, 
enabling improvements in resolution and/or signal-to-noise 
ratio (SNR) of the acquired data.1 However, 7T MRI is char-
acterized by an increase in the transmitted (B+

1
) and received 

(B−
1
) bias fields, which affect image quality and interpre-

tation. To help address this limitation, the magnetization- 
prepared two rapid gradient echoes (MP2RAGE) sequence 
was developed to reduce the B1 sensitivity of T1-weighted 
images.2 This sequence is designed to acquire two gradient 
echo images that are coregistered and combined to provide a 
T1-weighted image, named MP2RAGE-uni, that is free of T∗

2
 

relaxation, proton density (M0) and B−
1
. In addition, T1 maps 

can be generated using lookup tables of the MP2RAGE-uni 
signal, enhancing the utility of the MP2RAGE sequence 
compared withthe MPRAGE sequence for longitudinal and 
multicenter studies.3-5

Marques et al showed that the MP2RAGE-uni signal can 
be highly B+

1
 dependent according to the parameters used to 

acquire the gradient echo images.2,6 Thus, the reproducibility 
of the T1 mapping and cortical thickness measurements can 
be hampered by the increased transmitted bias field typical 
from 7T imaging.6,7 To overcome this limitation, Marques 
et al proposed a set of parameters to reduce the B+

1
 sensitiv-

ity of the 7T MP2RAGE sequence, at the cost of limiting 
its resolution and contrast-to-noise ratio (CNR).6 In addition, 
MP2RAGE scans can be post hoc B+

1
 corrected to increase 

the reliability of T1 and cortical thickness measurements.6,7

The two three-dimensional (3D) datasets acquired in 
MP2RAGE have limited clinical utility.2 Consequently, 
Tanner et al proposed a new MP2RAGE optimization 
scheme, called fluid and white matter suppression (FLAWS), 
which was designed to acquire two coregistered 3D datasets 
with clinical relevance.8 The FLAWS sequence provides (1) 
a white matter- (WM-) suppressed contrast in the first 3D 
dataset, and (2) a cerebrospinal fluid- (CSF-) suppressed 
contrast in the second 3D dataset, which we will refer to as 
FLAWS1 and FLAWS2, respectively. In terms of clinical 
utility, the FLAWS1 contrast facilitates the visualization 
of deep gray matter (GM) structures.8,9 FLAWS2 provides 
a standard T1-weighted anatomical contrast.10 In addition, 
a GM-specific contrast can be obtained by computing the 
voxel-wise minimum between FLAWS1 and FLAWS2. This 
GM-specific contrast is similar in purpose to the T2-weighted 
double-inversion recovery contrast,11 which is used to detect 
WM and intracortical lesions in multiple sclerosis.12 These 

FLAWS properties suggest that this sequence has potential 
for the detection and segmentation of brain lesions.8,13,14 The 
FLAWS sequence has also been shown to be of interest to 
visualize basal ganglia structures15,16 and to perform brain 
tissue segmentation.17

Despite the potential clinical interest provided by the 
FLAWS sequence, its use has been limited for 7T imaging 
as it could not provide a bias-reduced T1-weighted image and 
its associated T1 map. Recent studies at 1.5T have proposed 
a new combination image, named FLAWS-hc (high-contrast 
FLAWS), to obtain a bias-reduced T1-weighted contrast with 
the FLAWS sequence.9,18 However, the possibility of mea-
suring the T1 relaxation time with FLAWS-hc has not been 
investigated.

In this context, the current study aimed at (1) optimiz-
ing the FLAWS sequence for 0.8-mm isotropic resolution 7T 
acquisition with a FLAWS-dedicated optimization method 
previously used at 1.5T,9 (2) assessing if the FLAWS-hc 
combination image provides a T1-weighted contrast with re-
duced B1 sensitivity at 7T, and (3) showing that the FLAWS 
sequence can be used to generate high-resolution T1 maps 
with low B+

1
 sensitivity at 7T.

2  |   METHODS

2.1  |  FLAWS sequence optimization

The FLAWS sequence was optimized at the field strength 
of 7T using an optimization method previously used for 
FLAWS at 1.5T imaging.9 This optimization method was 
designed to provide high CNR images with a suppression of 
the WM (respectively CSF) signal in FLAWS1 (respectively 
FLAWS2), while ensuring that the signal of the basal ganglia 
structures, particularly the globus pallidus, is not suppressed 
in FLAWS1. In accordance with previous FLAWS studies,8,9 
the globus pallidus was used as a structure of reference in 
the current study to ensure that the WM signal suppression 
does not hamper the visualization of deep GM structures in 
FLAWS1, as FLAWS imaging intends to provide a good vis-
ualization of deep GM structures for deep brain stimulation 
(DBS) surgery planning.8,15

The optimization was performed in two steps: (1) a profit 
function was maximized under constraints to select multiple 
preoptimal parameter sets characterized by a high brain tis-
sue signal in FLAWS images, except for the signals of WM 
in FLAWS1 and CSF in FLAWS2, which were minimized; 
and (2) the optimal set of parameters was extracted from 
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the preoptimal parameter sets by maximizing the sum of 
FLAWS1 and FLAWS2 brain tissue contrasts.

FLAWS1 and FLAWS2 signals were simulated by solving 
the Bloch equations of the MP2RAGE sequence. Simulations 
were performed using the Mathematica software (Wolfram 
Research, Champaign, IL). The following T1 relaxation times 
were used to simulate FLAWS signals: 1050 ms for WM, 1347 
ms for the globus pallidus, 1850 ms for GM. and 4000 ms  
for CSF.2,19 The proton densities of WM, the globus pallidus, 
GM, and CSF were assumed to value 0.7, 0.72, 0.8, and 1.0, 
respectively.

The optimization was designed to allow FLAWS im-
ages to be acquired with 0.8-mm isotropic resolution within  
10 minutes. To avoid aliasing artifacts and to reduce the ac-
quisition time, images were acquired in the sagittal direction 
with a matrix size of 300 × 300 and 192 slices. A slice par-
tial Fourier of 6/8 was used to shorten the minimum first in-
version time, thus, allowing to suppress the WM signal in 
FLAWS1.8 Increasing the sequence repetition time allows 
to increase the signal-to-noise ratio (SNR) of FLAWS im-
ages.8,9 Therefore, the sequence repetition time was set to  
5 seconds to maximize the SNR, while ensuring an acquisition 
time of 10 minutes according to the resolution constraints. 
Parallel imaging was used to speed-up the acquisition (3 × 
generalized auto-calibrating partially parallel acquisitions 
[GRAPPA] acceleration).

The optimization was performed with a brute-force 
search to maximize the profit function and select the op-
timal parameter set. Sets were defined for a wide range of 
parameter combinations, with α1 and α2, the flip angles of 
the sequence, ranging from 3° to 13° (step-size 1°); TI1, 
the first inversion time, ranging from 0.26 seconds to 1.80 
seconds (step-size 0.02 seconds); TI2, the second inversion 
time, ranging from 1.05 seconds to 4.47 seconds (step-size 
0.02 seconds); TRGRE, the gradient echo repetition time, 
equal to 5.6 ms; TRSeq, the sequence repetition time, equal 
to 5 seconds and NEx, the number of excitations, equal to 
144 (6/8 × number of slices).

2.2  |  Contrast generation with the 
FLAWS sequence

The FLAWS-uni image was reconstructed by default by the 
MR system, with:

where S1C (respectively S2C) denote the complex signal of 
FLAWS1 (respectively FLAWS2), and * designs the complex 
conjugate.

The signal of the FLAWS minimum image (FLAWS-
min), characterized by the suppression of both WM and CSF 
signals, was computed as follows8:

with S1 and S2 the magnitude of the FLAWS1 and FLAWS2 
signals, respectively. The signal of FLAWS-hc was computed 
using the following equation18:

Because of the design of the FLAWS sequence, the 
FLAWS-uni, FLAWS-min, and FLAWS-hc signals are inde-
pendent from the T∗

2
 relaxation, M0, and B−

1
.2,18

The contrast of FLAWS-hc is similar to the contrast 
of FLAWS1, with a suppression of the WM signal.18 A 
bias-reduced standard T1-weighted contrast can be ob-
tained by computing the opposite of FLAWS-hc, named 
FLAWS-hco:

The reconstruction of the FLAWS-min, FLAWS-hc, and 
FLAWS-hco images from the magnitude of the FLAWS1 and 
FLAWS2 signals leads to a loss of contrast compared with 
image reconstructions from complex signals. The contrast 
lost from the magnitude reconstruction was recovered using 
the sign information of the FLAWS-uni signal (refer to the 
Supplementary Materials for more information).

FLAWS-uni, FLAWS-min, FLAWS-hc, and FLAWS-
hco are characterized by an enhanced background noise18 
and were denoised by adding coefficients in the image 
combinations.20

2.3  |  T1 mapping with the FLAWS sequence

Providing that FLAWS-hc is independent from the T∗
2
 relaxa-

tion, M0, and B−
1
,18 the T1 relaxation time should be measur-

able with the FLAWS sequence using lookup tables of the 
FLAWS-hc signal. The FLAWS-hc signal was reconstructed 
offline using the magnitude of the FLAWS1 and FLAWS2 
signals. This leads to T1-mapping ambiguities, as FLAWS1 
and FLAWS2 signals with opposite signs would have the 
same intensity in FLAWS-hc, thoughthey correspond to 
signals with different T1 relaxation times. The T1-mapping 
ambiguities induced by the FLAWS-hc signal were solved 
using the sign information of the FLAWS-uni signal (refer 
to the Supplementary Materials section, Contrast loss and T1 
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mapping ambiguities and Supporting Information Figure S1 
for more information).

2.4  |  Simulation experiments

The effect of B+
1
 on the T1 measurements provided by the 

FLAWS sequence was assessed using Monte-Carlo experi-
ments. The signals of FLAWS1 and FLAWS2 were simu-
lated as follows:

with f1 (respectively f2) a function determined by solving the 
Bloch equations of the FLAWS sequence to simulate FLAWS1 
(respectively FLAWS2) signal at the center of the k-space. ΓB1+ 
is a random variable following a gamma distribution tailored to 
fit the brain B+

1
 values measured in the current study (refer to 

the Supplementary Materials for more information). The ran-
dom variables � 1 and � 2 follow a normal distribution with 
a mean of 0 and a standard deviation of S2WM/25 to simulate 
FLAWS images with a SNR of 25.

Monte Carlo experiments were performed for every T1 
value ranging from 900 to 2500 ms (step-size: 1 ms) by simu-
lating 1000 FLAWS signals per T1 value. These Monte-Carlo 
experiments were used to compute the theoretical accuracy 
and precision of the FLAWS T1 mapping (mathematical 
equations provided in Supplementary Materials).

To decouple the effect of the SNR and the B+
1
 on the T1 

mapping, the theoretical accuracy and precision of the T1 

measurements were computed in three different simulation 
cases: (1) signals simulated with a SNR of 25 and without 
B+

1
 (ΓB1+ =1); (2) signals simulated with an infinite SNR 

(� 1 =� 2 =0) and with B+
1
; and (3) signals simulated with 

a SNR of 25 and with B+
1
.

For comparison, the theoretical accuracy and precision 
of the MP2RAGE T1 mapping were computed by simulating 
Monte-Carlo experiments with the same B+

1
 and noise distri-

butions as the ones used to simulate FLAWS data.

2.5  |  In vivo experiments

2.5.1  |  MRI acquisition

Experiments were performed on six healthy volunteers (21 to 
48 years of age, 2 women) with a 7T whole-body MRI research 
scanner (Siemens Healthcare, Erlangen, Germany) equipped 
with a 32-channel head coil (Nova Medical, Wilmington, 
DE). All experiments were performed under written in-
formed consent and were approved by the institutional re-
view board (University of Queensland Human Research 
Ethics Committee A - approval number 2018001588).

A B+
1
 map was acquired for each volunteer using the 

SA2RAGE sequence.21 Then, MP2RAGE and FLAWS 
images were acquired. The MP2RAGE sequence was ac-
quired with parameters that had been optimized to obtain 
an MP2RAGE-uni signal with low B+

1
 sensitivity.6 The 

FLAWS parameters were those obtained from the optimiza-
tion outlined in the current study. It should be noted that the 
MP2RAGE optimization6 used in this study provided a lower 
resolution (1 mm isotropic) than the FLAWS optimization 

(5)S1= f1
(
ΓB1+ ×�1,ΓB1+ ×�2, TI1, TI2, TRGRE, TRSeq, NEx, t1

)
+� 1

(6)S2= f2
(
ΓB1+ ×�1,ΓB1+ ×�2, TI1, TI2, TRGRE, TRSeq, N

��
, t1

)
+� 2

Sequence FLAWS MP2RAGE SA2RAGE

TR/TE (ms) 5000/2.04 6000/2.16 2400/0.95

TI (ms) 620/1430 800/2700 106/1800

Flip angles 4°/8° 3°/4° 6°/10°

Matrix 300 × 300 240 × 240 64 × 64

Slices 192 160 48

Resolution (mm3) 0.8 × 0.8 × 0.8 1.0 × 1.0 × 1.0 4.0 × 4.0 × 4.0

BW (Hz/px) 370 300 490

Orientation Sagittal Sagittal Sagittal

FOV (mm2) 240 × 240 240 × 240 256 × 232

GRAPPA 3 3 None

Slice partial Fourier 6/8 6/8 6/8

Scan time (min:s) 10:02 10:02 1:28

The parameters used to acquire the MP2RAGE and SA2RAGE data in this study are also shown.
Abbreviations: BW, bandwidth; FLAWS, fluid and white matter suppression; FOV, field of view; GRAPPA, 
generalized auto-calibrating partially parallel acquisitions; MP2RAGE, magnetization-prepared two rapid 
gradient echoes; px, pixel; SA2RAGE, saturation-prepared with two rapid gradient echoes; TE, echo time; TI, 
inversion time; TR, sequence repetition time

T A B L E  1   Proposed FLAWS sequence 
parameters for 7T imaging
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(0.8 mm isotropic). The parameters used for the SA2RAGE, 
MP2RAGE, and FLAWS acquisitions are presented in  
Table 1.

2.5.2  |  FLAWS sequence optimization and 
contrast generation

The optimized 7T FLAWS sequence was qualitatively 
and quantitatively assessed using in vivo experiments on 
healthy volunteers. To be consistent with the qualitative 
assessments performed in previous FLAWS optimization 
studies,8,9 the images acquired in the current study were 
reviewed to ensure that the separation between the exter-
nal globus pallidus (GPe) and the internal globus pallidus 
(GPi) was clearly identified in FLAWS1. The quantita-
tive assessment was performed by measuring the contrast 
(CN) and CNR per unit of time between brain tissues in 
FLAWS1 and FLAWS2. The CN and CNR were computed 
as follows:

with SA (respectively SB) and �A (respectively �B) the mean and 
the standard deviation of a given tissue A (respectively B) and 
TR the sequence repetition time. The means and standard devi-
ations of WM, GM, and CSF were, respectively, measured in 
regions of interest (ROIs) manually drawn in the corpus cal-
losum (splenium), the caudate nucleus (head), and the lateral 
ventricles. The SNR of WM was measured in FLAWS2 using 
the following equation:

with S2W and �2W the mean and the standard deviation of the 
WM signal in FLAWS2.

The CNs and CNRs between brain tissues of FLAWS-uni, 
FLAWS-min, and FLAWS-hco were measured in vivo and 
compared with the CNs and CNRs measured in FLAWS1 and 
FLAWS2. The CN and CNR values of FLAWS-hc are not 
presented in this article as they are equal to the CN and CNR 
values of FLAWS-hco (S

ℎ𝑐
=−1×S

ℎ𝑐𝑜
). The CNs and CNRs 

of MP2RAGE-uni, generated with the MP2RAGE sequence, 
were also computed. To compare the MP2RAGE-uni and 
FLAWS-hco CNRs, though MP2RAGE-uni and FLAWS-hco 
are characterized by different resolutions, specific care was 

taken to ensure that no partial volume voxels were included 
in the ROIs used to compute the CNR.

2.5.3  |  T1 mapping

The SA2RAGE data was spatially normalized on the 
MP2RAGE and FLAWS data by registering the second 3D 
dataset to the second MP2RAGE and FLAWS 3D datasets. 
The registrations were performed using a block-matching 
rigid registration algorithm (Anima, RRID:SCR_017017; 
https://github.com/Inria​-Visag​es/Anima​-Public).22,23 The 
MP2RAGE data were spatially normalized on the FLAWS 
data using the same process.

MP2RAGE and FLAWS T1 maps were B+
1
 corrected using 

the B+
1
 map provided by the SA2RAGE sequence using the 

method described in Marques and Gruetter.6 In vivo T1 re-
laxation times of WM, putamen, caudate nucleus, and cor-
tical GM were measured by manually drawing ROIs within 
the MP2RAGE and FLAWS T1 maps. For more information 
about the selection of the ROIs, please refer to Wright et al.24

MP2RAGE and FLAWS data were segmented using 
a similar approach as in Haast et al.7 First, the MP2RAGE 
and FLAWS second 3D datasets were bias corrected using 
the N4 algorithm from Tustison et al.25 Then, the bias-cor-
rected images were skull-stripped using FSL-Bet2,26 and 
the brain masks were used to remove all nonbrain tissues in 
MP2RAGE-uni and FLAWS-hco. Finally, the skull-stripped 
MP2RAGE-uni and FLAWS-hco images were segmented 
with FreeSurfer 6.0.27

The Pearson’s correlation between the MP2RAGE and 
FLAWS T1 measurements was computed for every T1 mea-
sured within brain tissue (CSF excluded) of the healthy 
volunteers. The average in vivo precision of the T1 map-
ping (mathematical equation provided in Supplementary 
Materials) was computed within the WM and cortical GM 
segmentations provided by FreeSurfer. The effect of the B+

1
 

on the MP2RAGE and FLAWS T1 mapping was assessed in 
vivo by measuring the Pearson’s correlation between T1 and 
B+

1
 maps within the WM and cortical GM segmentations pro-

vided by FreeSurfer.

3  |   RESULTS

3.1  |  Sequence optimization

The FLAWS sequence parameters optimized in the cur-
rent study are presented in Table 1. The FLAWS1 (first 3D 
dataset, WM suppressed) and FLAWS2 (second 3D dataset, 
CSF suppressed) signals simulated with this optimized set 
of parameters are shown in Figure 1A. In FLAWS1, most 
of the WM signal is successfully suppressed, with strong 

(7)CNA∕B =
||SA−SB

||
||SA

||+ ||SB
||

(8)CNRA∕B =
��SA−SB

��
�

�
2
A
+�2

B

2

×
1

√
��

(9)SNR=
S2W

�2W

https://github.com/Inria-Visages/Anima-Public
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signals obtained from the globus pallidus, GM, and CSF. The 
FLAWS2 signal is successfully characterized by a strong 
CSF suppression, resulting in a high signal for WM and GM 
and good contrast between them.

An example of FLAWS images acquired at 7T with the set 
of parameters optimized in this study is shown in Figure 2. 
From a qualitative point of view, the FLAWS1 and FLAWS2 
contrasts acquired at 7T in the current study look similar to 
the contrasts obtained with previous optimizations of the se-
quence at both 1.5T and 3T.8,9 A time of flight effect was 
found in FLAWS images, making the blood vessels appear 
hyperintense, as depicted in Figure 2B. However, the blood 
hyperintensity was found to vary with blood flow and could 
not be used to generate MR angiographies. A qualitative 
assessment validated the proposed 7T sequence parameters 
to visualize the basal ganglia in FLAWS1 images, which 

provide a clear separation between the GPe and the GPi as 
shown in Supporting Information Figure S2.

The values of the brain tissue contrasts measured in vivo 
in the current study are reported in Table 2. For comparison, 
the brain tissue contrasts measured in the same ROIs for the 
1.5T and 3T FLAWS optimizations are also reported.8,9 The 
CN values obtained in the current study agree with those ob-
tained for the 1.5T and 3T studies. The average SNR of WM 
in FLAWS2 is equal to 25 ± 2 in the current study.

3.2  |  Contrast generation with the 
FLAWS sequence

Simulations of the bias-reduced FLAWS-uni, FLAWS-min, 
FLAWS-hc, and FLAWS-hco signals are shown in Figure 1B 

F I G U R E  1   Simulations of the acquired (A) and reconstructed (B) fluid and white matter suppression (FLAWS) signals with the parameters 
optimized in the current study. GM, gray matter; GP, globus pallidus; WM, white matter
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for the optimization proposed in the current study. Simulations 
indicate that FLAWS-uni is characterized by a low GM signal 
compared with its WM and CSF signals, thus suggesting that 
it provides a GM-suppressed contrast instead of providing 
the standard T1-weighted contrast typical from MP2RAGE-
uni. FLAWS-min provides a high GM signal compared with 
the signals of WM and CSF. In accordance with previous the 
oretical experiments performed at 1.5T,9 the signal of the 7T 
FLAWS-hc–combination image is characterized by a WM-
suppressed signal, with an increased contrast between GM 
and CSF compared to FLAWS1. Similarly, FLAWS-hco 
provides a CSF-suppressed signal with an increased contrast 
between WM and GM compared to FLAWS2. The assump-
tions deduced from signal simulations were confirmed by in 

vivo imaging, as shown in Figure 3. The bias field reduction 
provided in vivo by FLAWS-uni, FLAWS-min, FLAWS-hc, 
and FLAWS-hco is noteworthy compared to FLAWS1 and 
FLAWS2 in Figure 3. This bias field reduction is further 
highlighted in Supporting Information Figure S3.

The CN and CNR measured in FLAWS1, FLAWS2, 
FLAWS-uni, FLAWS-min, FLAWS-hco, and MP2RAGE-
uni are reported in Table 3. The results of the CN and CNR 
analysis show quantitatively that FLAWS-uni provides a 
GM-suppressed contrast, with high CN and CNR values 
measured for WM/GM and GM/CSF, compared with the 
CN and CNR values measured for WM/CSF. Similarly, the 
high CNR values obtained for WM/GM and GM/CSF com-
pared to WM/CSF in FLAWS-min confirm quantitatively 

F I G U R E  2   Axial (left), coronal (center), and sagittal (right) images of FLAWS1 (A) and FLAWS2 (B) acquired at 7T on one healthy 
volunteer with the set of parameters presented in Table 1

T A B L E  2   In vivo measurements of the contrast of FLAWS images acquired at 7T with the set of parameters presented in Table 1

Contrast

FLAWS1 FLAWS2

1.5T 3T 7T 1.5T 3T 7T

WM/GM 0.69 (0.59-0.69) 0.59 (0.51-0.69) 0.68 (0.58-0.72) 0.23 (0.19-0.28) 0.15 (0.13-0.16) 0.25 (0.21-0.31)

WM/CSF 0.75 (0.67-0.89) 0.68 (0.62-0.77) 0.82 (0.77-0.85) 0.88 (0.82-0.93) 0.83 (0.68-0.89) 0.81 (0.76-0.86)

GM/CSF 0.12 (0.08-0.19) 0.16 (0.13-0.17) 0.32 (0.29-0.34) 0.81 (0.72-0.89) 0.78 (0.60-0.86) 0.70 (0.65-0.77)

For comparison, the values measured in the work by Beaumont et al at 1.5T9 and Tanner et al at 3T8 are also reported. The CN values of the FLAWS optimization 
proposed for 7T imaging are in agreement with the FLAWS CN obtained at 1.5T and 3T. CN measurements were performed in the corpus callosum (splenium) for 
WM, caudate nucleus (head) for GM, and lateral ventricle for CSF. The CN range is presented in parentheses.
Abbreviations: CN, Contrast; CSF, cerebrospinal fluid; FLAWS, fluid and white matter suppression; GM, gray matter; WM, white matter.
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that FLAWS-min provides a GM-specific contrast. In 
agreement with previous studies performed at 1.5T,9,18 
FLAWS-hco is characterized by an improved contrast with 
respect to FLAWS1 and FLAWS2, with a high CNR be-
tween brain tissues. In addition, FLAWS-hco is character-
ized by an enhanced CN compared with MP2RAGE-uni. 
FLAWS-hco also provides a higher CNR for WM/CSF 
and GM/CSF compared with MP2RAGE-uni. The WM/
GM CNR measured in FLAWS-hco was close to the one 
measured in MP2RAGE-uni. The contrast enhancement 
provided by FLAWS-hco is noteworthy when compared 

to MP2RAGE-uni, as shown in Supporting Information 
Figure S4.

3.3  |  T1 mapping

Simulations of the MP2RAGE-uni and FLAWS-hc sig-
nals affected by ±40% B+

1
 inhomogeneities indicated that 

FLAWS-hc is robust to B+
1
 inhomogeneities for the T1 range 

of WM and GM signals, as shown in Supporting Information 
Figure S5. However, the sensitivity of the FLAWS-hc signal 

F I G U R E  3   Example of the different contrasts obtained with fluid and white matter suppression (FLAWS) imaging at 7T. A, FLAWS1. B, 
FLAWS2. C, FLAWS-min. D, FLAWS-hc. E, FLAWS-hco. F, FLAWS-uni. FLAWS-min, FLAWS-hc, FLAWS-hco, and FLAWS-uni were 
denoised by adding coefficients in the image combinations20

T A B L E  3   Average contrast and contrast-to-noise ratio measured in vivo in FLAWS images acquired at 7T with the set of parameters 
presented in Table 1

FLAWS1 FLAWS2 FLAWS-uni FLAWS-min FLAWS-hco MP2RAGE-uni

CN WM/GM 0.68 (0.58-0.72) 0.25 (0.21-0.31) 0.71 (0.63-0.77) 0.71 (0.62-0.76) 0.53 (0.47-0.58) 0.29 (0.25-0.31)

WM/CSF 0.82 (0.77-0.85) 0.81 (0.75-0.86) 0.22 (0.19-0.25) 1.00 (1.00-1.00) 1.00 (1.00-1.00) 0.74 (0.68-0.82)

GM/CSF 0.32 (0.29-0.34) 0.70 (0.63-0.77) 0.81 (0.76-0.85) 1.00 (1.00-1.00) 1.00 (1.00-1.00) 0.58 (0.49-0.68)

CNR WM/GM 4.9 (3.6-5.9) 5.0 (4.0-6.1) 6.5 (5.2-7.8) 5.5 (4.6-6.1) 5.5 (4.6-6.1) 4.9 (3.7-6.4)

WM/CSF 7.9 (4.6-9.7) 10.3 (7.5-13.9) 2.7 (2.0-3.2) 3.1 (2.3-3.7) 14.7 (12.8-16.6) 6.6 (5.4-8.1)

GM/CSF 4.1 (2.6-5.1) 5.6 (4.4-7.0) 6.6 (5.6-8.2) 6.9 (5.6-8.5) 10.3 (8.2-12.0) 3.7 (2.4-4.6)

The average CN and CNR of the MP2RAGE images acquired in this study are also shown.
CN and CNR measurements were performed in the corpus callosum (splenium) for WM, caudate nucleus (head) for GM and lateral ventricle for CSF. Ranges of CN 
and CNR are presented in parentheses.
Abbreviations: CN, Contrast; CNR, contrast-to-noise ratio; CSF, cerebrospinal fluid; FLAWS, fluid and white matter suppression; GM, gray matter; MP2RAGE, 
magnetization-prepared two rapid gradient echoes; WM, white matter.
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to B+
1
 inhomogeneities increases for short (<1000 ms) and 

long (>2000 ms) T1 relaxation times. Specifically, the 
FLAWS T1 mapping theoretical error caused by ±40% B+

1
 in-

homogeneities (4.3% for a T1 of 2000 ms and 12.5% for a T1 
of 2500 ms) is higher than the one obtained from MP2RAGE 
optimized for reduced B+

1
 sensitivity (3.2% for a T1 of 2000 

ms and 4.4% for a T1 of 2500 ms). The T1 mapping theoreti-
cal error induced by ±40% B+

1
 inhomogeneities is, however, 

lower in FLAWS (4.3% for a T1 of 2000 ms and 12.5% for a 
T1 of 2500 ms) than in the MP2RAGE protocol optimized for 
high-resolution and high-contrast imaging (16.8% for a T1 of 
2000 ms and 24.7% for a T1 of 2500 ms), whereas FLAWS is 
characterized by a higher resolution (0.8 mm isotropic) than 
this MP2RAGE protocol (0.85 mm isotropic).6

The high theoretical accuracy and precision of the T1 
maps obtained with the FLAWS and MP2RAGE sequences 
can be seen in Table 4. The results show that both the SNR 
and B+

1
 impact the accuracy and precision of the T1 mapping. 

In all experiments, the average accuracy and precision of the 
FLAWS T1 mapping were close to the ones of the MP2RAGE 
T1 mapping, and were above 90% for the T1 range of brain 
tissues (900 ms to 2500 ms).

Examples of in vivo T1 maps—without post hoc  
correction—and B+

1
 maps obtained with the FLAWS, 

MP2RAGE, and SA2RAGE sequences are shown in Figure 
4. From a qualitative point of view, the T1 map provided by 
the FLAWS sequence looks like the MP2RAGE T1 map and 
does not seem to be hampered by the B+

1
. The difference be-

tween the MP2RAGE and FLAWS T1 maps—without post 
hoc correction—appears to be mainly caused by the resolu-
tion difference between the scans, as shown in Supporting 
Information Figures S6 and S7

The effect of the post hoc correction on the in vivo 
FLAWS T1 measurements appears to be negligible for most 
of the brain tissues, except for long T1 relaxation times like 
cortical GM, as shown in Table 5. A slightly higher T1 change 
was found in brain tissues regarding the B+

1
 correction of 

MP2RAGE T1 measurements, except for long T1 relaxation 
times like cortical GM. The B+

1
 corrected T1 measurements 

provided by the FLAWS sequence were in concordance with 
the ones provided by the MP2RAGE sequence optimized for 
low B+

1
 sensitivity (r=0.91). In addition, the B+

1
 corrected 

FLAWS T1 measurements performed in this study provided 
results close to T1 measurements performed in similar ROIs 
by T1 curve fitting of MPRAGE data acquired at multiple 
inversion times in a previous study.24

The average precision of the FLAWS in vivo T1 map-
ping, computed within the WM and cortical GM seg-
mentations after B+

1
 correction (prec

��
=86.3 ± 0.5%;  

prec
��

=87.8 ± 0.5%), was close to the one com-
puted on MP2RAGE T1 maps after B+

1
 correction 

(prec
��

=87.9 ± 0.3%; prec
��

=83.8 ± 3.1%).
The average in vivo T1 values—without post hoc  

correction—measured with MP2RAGE and FLAWS within 
the WM and cortical GM segmentations of one volunteer 
were reported as a function of B+

1
 in Figure 5A,B. The effect 

of the B+
1
 on MP2RAGE and FLAWS T1 mapping appears to 

be negligible for B+
1
 values within the 50 to 100% range for 

all volunteers. However, the T1 values tend to diverge outside 
of this range. The divergence in the T1 measurements was 
found to increase when the number of voxels per B+

1
 value 

decreases, as shown in Figure 5C,D. Across all the volun-
teers, 13.0% and 19.6% of the MP2RAGE WM and cortical 
GM voxels were characterized by a B+

1
 value outside of the  

50 to 100% range. The rate of voxels outside of the 50 to 100% 
B+

1
 range was similar in FLAWS images (12.4% for WM and 

17.0% for cortical GM). A qualitative assessment indicated 
that the voxels with a B+

1
 value under 50% of the nominal 

flip angles were located near the ear canals and the frontal si-
nuses, or were located in the inferior brain regions, where B+

1
 

is characterized by a strong signal reduction in the z direction 
(example available in Supporting Information Figure S8). 
The voxels responsible for the T1 mapping divergence for B+

1
 

values over 100% of the nominal flip angles were found to be 
voxels misclassified at tissue boundaries (because of small 
errors in skull-stripping and segmentations; example avail-
able in Supporting Information Figure S9).

The average correlation between the T1 relaxation time –
measured without post-hoc correction– and the B+

1
 was weak 

within the WM and cortical GM segmentations for both 
MP2RAGE (r

��
=−0.051 ± 0.017; r

��
=−0.027 ± 0.045)  

and FLAWS (r
��

=−0.026 ± 0.021; r
��

=0.081 ± 0.038).  
The correlation remains weak when computed on voxels 
belonging to the 50 to 100% B+

1
 range within MP2RAGE 

(r
��

=−0.040 ± 0.040; r
��

=−0.040 ± 0.036) and 
FLAWS (r

��
=−0.027 ± 0.041; r

��
=−0.097 ± 0.036) 

segmentations. The bias correction of the T1 maps slightly 
decreases the correlation between the T1 relaxation time 
and the B+

1
 within the 50 to 100% range for both MP2RAGE 

T A B L E  4   Accuracy and precision of the T1 measurements 
provided by the MP2RAGE sequence with low B1+ sensitivity and by 
the FLAWS sequence, according to different values of the signal-to-
noise ratio and to the effect of the B+

1
 on the signal

Bias SNR Sequence Accuracy (%) Precision (%)

No B+

1
25 MP2RAGE 93.7 92.1

FLAWS 95.3 94.1

B
+

1
+∞ MP2RAGE 98.5 99.2

FLAWS 96.4 97.8

25 MP2RAGE 90.0 86.8

FLAWS 91.9 90.2

Abbreviations: FLAWS, fluid and white matter suppression; MP2RAGE, 
magnetization-prepared two rapid gradient echoes.
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(r
��

=−0.011 ± 0.035; r
��

=−0.013 ± 0.027) and 
FLAWS (r

��
=−0.024 ± 0.040; r

��
=−0.029 ± 0.027).

4  |   DISCUSSION

4.1  |  Sequence optimization

The FLAWS sequence was optimized at the field strength 
of 7T for high-resolution (0.8 mm isotropic) imaging using 
a method previously used to optimize the sequence at 1.5T.9 
The 1.5T optimization process was customized to adapt the 
T1 relaxation times, the sequence acquisition time, and image 

resolution for 7T imaging. As the optimization method is 
based on simulations of brain tissue signals using the Bloch 
equations, the outcome of the optimization depends on the 
choice of the T1 relaxation times used to simulate the sig-
nals.9 To increase the consistency between the FLAWS and 
MP2RAGE optimizations, the T1 relaxation times used to 
optimize the FLAWS sequence were the same as the ones 
used to optimize the MP2RAGE sequence at 7T in a previous 
study.2

Simulations of FLAWS signals with the parameters opti-
mized in this study indicate that the WM signal suppression 
is not perfect in FLAWS1. In a previous study performed at 
3T, Tanner et al showed that the WM signal should not be 

F I G U R E  4   T1 Maps—without post hoc B+

1
 correction—acquired with the magnetization-prepared two rapid gradient echoes (MP2RAGE) 

sequence optimized for low B+

1
 sensitivity (A) and with the fluid and white matter suppression (FLAWS) sequence optimized in this study (B). The 

B
+

1
 map acquired with the saturation-prepared with two rapid gradient echoes (SA2RAGE) sequence of the same volunteer is also shown (C). The 

B
+

1
 values are displayed as a percentage of the nominal sequence flip angles. From a qualitative point of view, the FLAWS and MP2RAGE T1 maps 

are similar and do not appear to be sensitive to B+

1
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perfectly suppressed in FLAWS1 to ensure a good visualiza-
tion of deep GM structures.8

The optimization method employed in this study was de-
signed to provide a set of parameters to acquire 7T FLAWS 
images characterized by (1) a contrast similar to the one ob-
tained with the 3T FLAWS sequence optimization,8,9 and 
(2) a good visualization of deep GM structures in FLAWS1. 
Qualitative and quantitative in vivo experiments showed that 
the optimization performed in this study provided images 
with a contrast similar to the one obtained in previous stud-
ies conducted at 1.5T and 3T.8,9 In addition, the separation 
between the GPe and the GPi—identified as a typical metric 
used to assess the quality of the basal ganglia visualization 
in FLAWS18,9—was clearly visible in the FLAWS1 images 
acquired with the set of parameters optimized in the current 
study.

4.2  |  Contrast generation with the 
FLAWS sequence

The current study shows that “uni”, the image combination 
used to generate a bias-reduced standard T1-weighted con-
trast with MP2RAGE data, cannot provide a similar con-
trast with the proposed 7T FLAWS optimization. However, 
another image combination, named FLAWS-hco, was re-
cently introduced at 1.5T to generate a bias-reduced stand-
ard T1-weighted contrast with the FLAWS sequence.9 Signal 
simulations, as well as qualitative and quantitative in vivo as-
sessments, showed that FLAWS-hco provides a bias-reduced 
standard T1-weighted contrast for the FLAWS optimization 
proposed for 7T imaging. In addition, it was shown that the 
FLAWS-hco images acquired in the current study were char-
acterized by an increased brain tissue CN, CNR, and resolu-
tion compared with the MP2RAGE-uni images acquired with 
parameters optimized for low B+

1
 sensitivity. Signal simula-

tions, qualitative and quantitative in vivo assessments also 
showed that bias-reduced WM-suppressed, GM-suppressed, 
and GM-specific contrasts can be generated with 7T FLAWS 

imaging, thus, allowing for the provision of more contrasts 
than the ones currently provided by the MP2RAGE sequence.

It should be noted that different MP2RAGE optimiza-
tions provide images with better CNR and resolution than 
the MP2RAGE optimization employed in the current study.6 
However, these optimizations provide data with high B+

1
 sen-

sitivity and could not be used as references to assess the B+
1
 

sensitivity of the FLAWS optimization proposed in the cur-
rent study.

4.3  |  T1 mapping

The current study shows that the FLAWS-hc signal can be 
used to measure the T1 relaxation time. The theoretical accu-
racy and precision of FLAWS T1 mapping were compared to 
the ones of the MP2RAGE T1 mapping in terms of robustness 
to noise and B+

1
. The consistency between the theoretical and 

in vivo experiments was ensured by simulating MP2RAGE 
and FLAWS signals with noise and B+

1
 distributions deter-

mined from the in vivo data acquired in this study.
Simulation experiments suggest that the proposed 7T 

FLAWS optimization can be used for accurate T1 mapping 
with a low B+

1
 sensitivity and provides a theoretical accuracy 

and precision in agreement with the ones provided by the 
MP2RAGE sequence optimized for low B+

1
 sensitivity for the 

T1 range of WM and GM tissues. These theoretical assump-
tions were supported by in vivo experiments showing that 
the FLAWS T1 mapping provides T1 measurements in agree-
ment with the ones provided by other established T1 mapping 
methods at 7T.2,24 In addition, the harmony observed between 
the in vivo FLAWS and MP2RAGE T1 mapping precisions 
further validated the possibility of measuring T1 relaxation 
times with the FLAWS sequence.

The small in vivo T1 change noticed between the raw 
and post hoc corrected T1 measurements provided by the 
MP2RAGE and FLAWS sequences suggests that FLAWS 
T1 mapping is characterized by a low B+

1
 sensitivity for most 

brain tissues. The weak correlation between the B+
1
 and T1 

T A B L E  5   Mean and standard deviation T1 values measured in vivo on six healthy volunteers at 7T using the FLAWS sequence and the 
MP2RAGE sequence with low B1+ sensitivity 

FLAWS MP2RAGE Wright et al

Raw B
+

1
 corr Raw B

+

1
 corr B

+

1
 corr

White matter 1076 ± 40 ms 1071 ± 44 ms 1123 ± 41 ms 1110 ± 41 ms 1130 ± 100 ms

Caudate nucleus 1617 ± 83 ms 1615 ± 80 ms 1607 ± 74 ms 1598 ± 74 ms 1684 ± 76 ms

Putamen 1569 ± 78 ms 1569 ± 75 ms 1590 ± 70 ms 1578 ± 68 ms 1643 ± 167 ms

Cortical gray matter 1995 ± 128 ms 1941 ± 96 ms 1983 ± 134 ms 1954 ± 153 ms 1939 ± 150 ms

T1 values are reported with (B+

1
 corr) and without (Raw) post hoc correction. T1 values from the literature are also reported.24 The T1 values measured with FLAWS did 

not change after post hoc correction, except for tissues with long T1 relaxation times, as cortical gray matter.
Abbreviations: FLAWS, fluid and white matter suppression; MP2RAGE, magnetization-prepared two rapid gradient echoes.
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values—without post hoc correction—measured within 
WM and cortical GM segmentations with MP2RAGE and 
FLAWS further demonstrated the low B+

1
 sensitivity provided 

by the FLAWS optimization proposed in this study. However, 
it was shown that the FLAWS T1 mapping is hampered by B+

1
 

in cortical GM. Simulations of the FLAWS-hc signal ham-
pered by B+

1
 inhomogeneities of ±40% indicated that the B+

1
 

dependency of the FLAWS T1 mapping increases for short 
(<1000 ms) and long (>2000 ms) T1 relaxation times, thus, 
explaining the increased B+

1
 dependency of cortical GM, 

which is characterized by a long T1 relaxation time compared 
with WM and deep GM. This increased dependency to B+

1
 

for cortical GM signals was also found in the MP2RAGE T1 
mapping.

In agreement with previous studies conducted with 
MP2RAGE at 7T,6,7 the current study showed that the 
MP2RAGE T1 maps can be post hoc corrected to remove the 
remaining bias in MP2RAGE data. The decreased correlation 
noticed between B+

1
 and T1 for the FLAWS sequence after B+

1
 

correction indicates that the method previously proposed by 
Marques et al6 to correct the B+

1
 in MP2RAGE-uni can also be 

used to correct the B+
1
 in FLAWS-hc. In a recent study, Haast 

et al assessed the effect of B+
1
 on multicenter MP2RAGE T1 

mapping and morphometry at 7T.28 The authors advised to 
use MP2RAGE sequence parameters optimized for low B+

1
 

sensitivity to improve the robustness of multicenter analysis, 
except when a good visualization of deep GM is required. 
To the best of our knowledge, the current study is the first 
that proposes a sequence optimization to acquire T1-weighted 
scans and T1 maps characterized by a low B+

1
 sensitivity, 

while providing a good visualization of deep GM structures. 
Therefore, the results of the current study highlight the in-
terest of FLAWS imaging to study deep GM in multicenter 
studies conducted at 7T.

This study shows that the T1 relaxation times measured 
within WM and cortical GM segmentations tend to diverge 
for B+

1
 values outside of the 50 to 100% nominal flip angle 

range. A qualitative assessment showed that the low B+
1
 values 

were measured in the inferior brain regions, where the adia-
batic condition of the inversion pulse might not be reached. 
This issue has already been reported in previous studies,6,7 
and can be mitigated by placing dielectric pads near the tem-
poral lobes.29 Indeed, a previous study conducted with the 
MP2RAGE sequence showed that the use of dielectric pads 
increases the B+

1
 by up to 50% of the nominal flip angle near 

the cerebellum and the temporal lobes at 7T.30 Low B+
1
 values 

were also found near the frontal sinuses and the ear canals. 
The presence of these low B+

1
 values could be explained by 

off-resonance frequency effects that are commonly found 
near the frontal sinuses and ear canals in B+

1
 mapping tech-

niques.31,32 The high B+
1
 values that led to a divergence of the 

T1 measurements within the WM and cortical GM segmen-
tations were only noticed in voxels that were misclassified 

as belonging to the WM or cortical GM segmentations. In 
addition, high B+

1
 values were measured in deep GM struc-

tures (see Figure 4C), where the effect of the B+
1
 correction on 

FLAWS T1 mapping was shown to be negligible. Therefore, 
the T1 divergence reported for high B+

1
 value in the current 

study was not considered as a failure of the MP2RAGE and 
FLAWS T1 mapping methods.

4.4  |  Limitations

The current study has several limitations. First, the MR ex-
periments were performed on a small number of healthy vol-
unteers: FLAWS imaging on a larger patient cohort would be 
necessary to assess the potential clinical interest provided by 
the multiple FLAWS contrasts for 7T imaging. In addition, 
the signals of FLAWS1 and FLAWS2 are dependent upon the 
number of slices; hence, a new optimization of the FLAWS 
sequence would be necessary to increase the scan resolution. 
Moreover, the bias-reduced FLAWS-min, FLAWS-hc, and 
FLAWS-hco combination images, as well as the FLAWS T1 
mapping, are not yet readily available on the MRI console. 
The code used to generate the FLAWS contrasts and perform 
the FLAWS T1 mapping is, however, available on GitHub 
(https://github.com/jerbe​aumon​t/FLAWS​-Tools). Finally, 
the B1+ dependency of the FLAWS T1 mapping increases 
for long T1 and as such, a B1+ post hoc correction of the 
FLAWS T1 maps is necessary to study tissues with long T1 
relaxation times, such as brain lesions.

5  |   CONCLUSION

In conclusion, this study proposes a new optimization of the 
FLAWS sequence to provide multiple T1-weighted contrasts 
with reduced B1 sensitivity that might be of interest for high-
resolution (0.8 mm isotropic) 7T imaging. It was shown that 
the proposed FLAWS optimization provides high-resolution 
T1 maps with low B+

1
 sensitivity, thus, overcoming the limita-

tions of the MP2RAGE sequence optimized for low B+
1
 sen-

sitivity in terms of CNR and resolution. These results suggest 
that FLAWS is a good candidate for T1-weighted imaging 
and T1 mapping at the field strength of 7T.
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FIGURE S1 Simulations of the FLAWS1 and FLAWS2 
real parts of the complex signals (A). Simulations of the 
reconstructed FLAWS signals are shown in (B). S10: sign 
change in FLAWS1. S20: sign change in FLAWS2. The sign 
of FLAWS-uni is linked to the sign change of FLAWS1 
and FLAWS2. A loss of contrast is noticed in FLAWS-hc, 
FLAWS-hco and FLAWS-min at every sign change  
(S10, S20)
FIGURE S2 Visualization of the separation between the in-
ternal and the external globus pallidus in FLAWS1. The sep-
aration is indicated by the white arrow
FIGURE S3 Illustration of the bias field reduction pro-
vided by FLAWS-hc (B) and FLAWS-hco (d) compared to 
FLAWS1 (A) and FLAWS2 (C)
FIGURE S4 Example of axial, coronal and sagittal images of 
MP2RAGE-uni (A) and FLAWS-hco (B). The increased con-
trast and resolution provided by FLAWS-hco is noteworthy
FIGURE S5 T1 relaxation time as a function of MP2RAGE-
uni (blue line) and FLAWS-hc (orange line). The comparison 
is performed for MP2RAGE signals from the reduced B

+

1
 

MP2RAGE optimization (A), the high WM/GM contrast 
MP2RAGE optimization (B) and the high resolution 
MP2RAGE optimization (C) presented in Marques et al, Plos 
one, 2013 [6]. The dashed lines show the signals affected by 
±40% B+

1
 inhomogeneities. This figure shows that FLAWS-hc 

is robust to B+

1
 inhomogeneities for the T1 range of WM and 

GM signals (gray zone). However, the sensitivity of the 
FLAWS-hc signal to B+

1
 inhomogeneities increases for short 

(<1000 ms) and long (>2000 ms) T1 relaxation times. It 
should be noted that the proposed FLAWS optimization al-
lows to maintain a reduced B+

1
 sensitivity for FLAWS-hc sig-

nals acquired with a high number of excitations (nEx = 144) 
compared to the MP2RAGE optimizations previously pro-
posed at 7T for high WM/GM contrast (nEx = 132, b) or high 
(0.65 mm isotropic) resolution (nEx = 192, c). The 
MP2RAGE-uni signal was plotted on the [−1; 1] range to 
allow a comparison with the FLAWS-hc signal. The full 
range MP2RAGE-uni signal was recovered using the division 
image for the high WM/GM contrast protocol, as suggested 
in [6]
FIGURE S6 Example of MP2RAGE (A) and FLAWS (C) 
T1 maps without post-hoc correction. The difference between 
the T1 maps (B) appears to be mostly due to the T1 measure-
ments of the CSF. A qualitative assessment suggested that 
most of the differences found for WM and GM tissues were 
due to the resolution difference between the two scans, as 

illustrated in the zoomed-in version of this figure presented in 
Supporting Information Figure S7. The difference between 
the MP2RAGE and FLAWS T1 maps did not appear to be 
mainly impacted by the changes in the B+

1
 map (D)

FIGURE S7 Example of MP2RAGE (A) and FLAWS (C) 
T1 maps without post-hoc correction. The difference be-
tween the MP2RAGE and FLAWS T1 values (B) appears to 
be mostly due to the resolution difference between the scans, 
as highlighted by the white arrows. Top left arrow: nega-
tive difference (B) between the MP2RAGE (A) and FLAWS 
(C) T1 maps due to the presence of GM/CSF partial volume
voxels in the FLAWS T1 map. Top right arrow: positive dif-
ference (B) between the MP2RAGE (A) and FLAWS (C)
T1 maps due to the increased number of CSF voxels in the
MP2RAGE T1 map. Bottom left arrow: positive difference
(B) between the MP2RAGE (A) and FLAWS (C) T1 maps
due to the increased partial volume effect between the basal
ganglia structures and surrounding WM in the MP2RAGE
scan
FIGURE S8 B+

1
 map overlaid on FLAWS2 to show that low 

B
+

1
 values were found in the inferior brain regions and near 

the hear canals (A) and frontal sinuses (B)
FIGURE S9 Sagittal slices of a FLAWS T1 map without 
post-hoc correction (A,B). The corresponding slices of the 
B
+

1
 map are also shown (C,D). The blue ROI (A,C) delineates 

the WM segmentation for B+

1
 values above 100% of the nom-

inal flip angle. The green ROI (B,D) delineates the cortical 
GM segmentation for B+

1
 values above 100% of the nominal 

flip angle. The white arrows design segmentation error (here, 
inclusion of CSF voxels in the WM and cortical GM segmen-
tations). A qualitative assessment suggested that the WM and 
cortical GM T1 measurements remains stable for B+

1
. values 

above 100% of the nominal flip angle, thus, indicating that 
the T1 mapping divergence found for high B+

1
 in Figure 5 is 

likely due to segmentation errors (highlighted by the white 
arrows here)
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