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MULTI T1-WEIGHTED CONTRAST MRI WITH FLUID AND

WHITE MATTER SUPPRESSION AT 1.5T

Abstract

Introduction

The fluid and white matter suppression sequence (FLAWS) provides two T1-weighted co-
registered datasets: a white matter (WM) suppressed contrast (FLAWS1) and a cerebrospinal fluid
(CSF) suppressed contrast (FLAWS2). FLAWS has the potential to improve the contrast of the
subcortical brain regions that are important for Deep Brain Stimulation surgery planning.
However, to date FLAWS has not been optimized for 1.5T.

In this study, the FLAWS sequence was optimized for use at 1.5T. In addition, the contrast-
enhancement properties of FLAWS image combinations were investigated using two voxel-wise
FLAWS combined images: the division (FLAWS-div) and the high contrast (FLAWS-hc) image.
Methods

FLAWS sequence parameters were optimized for 1.5T imaging using an approach based on the
use of a profit function under constraints for brain tissue signal and contrast maximization. MR
experiments were performed on eleven healthy volunteers (age 18-30). Contrast (CN) and
contrast to noise ratio (CNR) between brain tissues were measured in each volunteer.
Furthermore, a qualitative assessment was performed to ensure that the separation between the
internal globus pallidus (GPi) and the external globus pallidus (GPe) is identifiable in FLAWSL.
Results

The optimized set of sequence parameters for FLAWS at 1.5T provided contrasts similar to those

obtained in a previous study at 3T. The separation between the GPi and the GPe was clearly



identified in FLAWS1. The CN of FLAWS-hc was higher than that of FLAWS1 and FLAWS2, but
was not different from the CN of FLAWS-div. The CNR of FLAWS-hc was higher than that of
FLAWS-div.

Conclusion

Both qualitative and quantitative assessments validated the optimization of the FLAWS sequence
at 1.5T. Quantitative assessments also showed that FLAWS-hc provides an enhanced contrast
compared to FLAWS1 and FLAWS2, with a higher CNR than FLAWS-div.

Keywords: brain, MRI, FLAWS, globus pallidus, image combination.



Introduction

The acquisition of magnetic resonance (MR) images with different contrasts (T1, T2, diffusion,
...) Is today a standard procedure in both research and clinical practice. Typically, images are
acquired in separate measurements and then pre-processing steps -such as co-registration- are
needed to spatially normalize the data before analysis. In this context, magnetic resonance
imaging (MRI) sequences that provide, in a single acquisition, co-registered datasets with
different contrasts are of interest to reduce the amount of data processing and to minimize loss of
information due to interpolation and other possible confounding effects.

The fluid and white matter suppression (FLAWS) sequence [1], derived from the magnetization-
prepared two rapid gradient-echoes (MP2RAGE) sequence [2], was introduced to provide two
co-registered T1-weighted images of the brain with different contrasts in a single acquisition. The
first contrast (FLAWSL) is characterized by the suppression of the white matter (WM) signal,
yielding an image with a contrast similar to the one provided by the fast gray matter acquisition
T1 inversion recovery (FGATIR) sequence [3]. The WM-suppressed contrast can be used to
improve the visualization of basal ganglia structures such as the globus pallidus [4-6] and to
detect epileptogenic lesions in focal cortical dysplasia [7]. The second contrast (FLAWS2) is
similar to the contrast obtained with the magnetization-prepared rapid gradient-echo (MPRAGE)
sequence [8]. This contrast is considered as being the standard T1-weighted anatomical contrast
of the brain, with a suppression of the cerebrospinal fluid (CSF) signal.

A recent study performed at 3T showed that FLAWS imaging allows for a good visualization of
basal ganglia structures and facilitates deep brain stimulation (DBS) surgery planning [6].

However, most of the centers performing DBS employ 1.5T MR systems [9,10]. These centers



would benefit from the use of FLAWS for surgery planning, but to the best of our knowledge
there is no study reporting the optimization of FLAWS imaging at 1.5T.

The co-registration properties of the MP2RAGE and FLAWS images allow to perform voxel-
wise operations for generating new sets of images characterized by new T1 contrasts. Van de
Moortele et al. [11] and Marques et al. [2] investigated the properties of the voxel-wise division
of MP2RAGE images. They determined that the result of this image combination was free of
signal variations induced by the received bias field (B17), proton density (M,) and T2*. Division
images were also used by Bannier et al. [6] in the case of FLAWS, but the signal properties of the
FLAWS division image were not investigated. Another image combination was proposed by
Tanner et al. [1] to provide a gray matter specific contrast by computing the voxel-wise minimum
of FLAWS images. FLAWS image combinations were also used by Wang et al. to develop a fast
brain tissue segmentation method [12].

In this context, the aim of the current study was twofold. The first aim was to determine the
optimal sequence parameters of FLAWS for 1.5T MR imaging. Given the complexity and the
multi-parametric nature of this sequence optimization, an approach based on the use of a profit
function was employed. The second aim of this study was to investigate the properties of
FLAWS voxel-wise division images and to propose an improved approach for combining

FLAWS images for tissue contrast enhancement.
Materials and methods

1.1. Sequence optimization
The goal of this optimization was to obtain FLAWS images at 1.5T with a contrast similar to that

obtained at 3T by Tanner et al. [1], that is, a WM-suppressed contrast in FLAWS1 and a CSF-



suppressed contrast in FLAWS2. The quality of the optimization was assessed using the standard
definition of the contrast (CN) and contrast-to-noise ratio (CNR) [1].
The signal of FLAWS1 and FLAWS2 depends on the following set of sequence parameters (®):

® = [ay, a3, TL, Tly, TReri, TRseqr Nix | 1.
where a; and a, are the flip angles of the Gradient Echo (GRE) modules, acquired at two
different inversion times, T1; and T1,, TR is the repetition time of the GRE modules, TR, is
the sequence repetition time, corresponding to the time interval between two consecutive
inversion pulses and Ng, is the number of excitations per GRE module. We define as @,,, the
set of parameters which provides the optimal contrasts for FLAWS at 1.5T, i.e. contrasts similar
to those obtained at 3T by Tanner et al. [1].
Given the complexity and the multi-parametric nature of the FLAWS signal, we proposed a novel
strategy for the optimization of the FLAWS sequence. The optimization was performed in two
steps. In the first step, an approach based on the use of a profit function was employed to
determine pre-optimal parameter sets. In the second step, the optimal set was selected among the
pre-optimal sets by maximizing the contrast between brain tissues.
In the following formulae, we will use the subscripts W, G, GP and C to denote white matter,
grey matter, the globus pallidus and cerebrospinal fluid, respectively.
Profit function
The profit function P was defined to: (1) suppress the WM signal in FLAWS1 (S1,,) while
facilitating the visualization of the globus pallidus -this is accomplished by increasing the profit
when (S1;p — S1y,) increases; (2) suppress the CSF signal in FLAWS2 (S2.) by decreasing the

profit when S2. increases; (3) maximize the CNR between brain tissues by increasing the profit



when the sum S1; + S1. + S2, + S2; is increasing. Based on the aforementioned criteria, the
profit function P was written as:

PX(®) = k(S16p(@) — S1yy () —m S2:(D) + S16(D) + S1c(P) + S2i (P) + S24(P) 2.
where k and m are regularization parameters allowing to adjust the importance of the globus
pallidus visualization and WM and CSF suppression in the optimization.

Profits were computed for every pair of regularization parameters (k,m), with both k and m

varying between 0 and 100 (step-size: 1). Each couple (k, m) is associated to a pre-optimal set of

parameters d)';g't‘ which maximize the profit PX(®).

Contrast maximization

km

Among all the pre-optimal parameter sets @, ,

the optimal parameter set ®,,, was defined as
the one maximizing the sum of the simulated contrast between the tissues (X,CN = CN1y,, +

CN1y ¢ + CN1gc + CN2y /6 + CN2yy /o + CN2g c).

Signal simulations

The signal of FLAWS1 and FLAWS2 was simulated using the Bloch equations, implemented in
Mathematica (Wolfram Research, Inc, Champaign, IL, USA). Signal simulations were performed
using 1.5T tissue properties reported in the literature [13-15]: T1 relaxation times were fixed to
0.65 sec for WM, 0.75 sec for the globus pallidus, 1.2 sec for GM and 4 sec for CSF; proton
densities of WM, the globus pallidus, GM and CSF were respectively fixed to 0.7, 0.72, 0.8 and
1.

Based on preliminary MRI experiments, a voxel size of 1.25 x 1.25 x 1.4 mm3 was considered
to be the best compromise between SNR maximization and spatial resolution within a maximum
acquisition time of 10 minutes. Consequently, the number of slices (Ng;;ces) Was set to 128 and

the matrix size was set to 180 x 192 to obtain a spatial coverage sufficiently large to avoid



artefacts due to aliasing. The slice partial Fourier was set to 6/8 to allow the acquisition of
FLAWS images with WM signal suppression [1]. According to the size of the matrix and the
constraints on the acquisition time, the maximum sequence repetition time should not exceed
3.5 sec.

The optimization was performed on a wide range of parameter combinations, with «; and «,
ranging from 3° to 13° (step-size 1°); TI; ranging from 0.37 sec to 1.41 sec (step-size
0.02 sec); TI, ranging from 1 sec to 3.2 sec (step-size 0.02 sec); TR;re equals to 4.16 msec;
TRs,q ranging from 2.5 sec to 3.5 sec (step-size 0.1 sec); Ng, equals to 6/8 * Ng;ces. With this
choice of parameter combinations, we obtained 9 x 10° parameter sets ®. Out of this pool, we
selected 4 x 10* parameter sets @ that provided the typical contrasts of the FLAWS, ie. WM

suppression in FLAWS1 and CSF suppression in FLAWS2. From these 4 x 10* combinations,

10* pre-optimal parameter sets cp'gg? were determined using the profit function. Among these

km

parameter sets 77,

the optimal parameter set @,,,, was defined as the one maximizing the sum
of the contrast > CN between brain tissues.

1.2. Voxel-wise image combination

Voxel-wise image combinations of FLAWS1 and FLAWS2 were investigated to enhance the
contrast between brain tissues. The metrics used to analytically compare different types of
combinations were the contrast (CN) and the signal to noise ratio (SNR).

First, the properties of the FLAWS division image (FLAWS-div) were investigated. Then, a
FLAWS-dedicated image-combination, denoted here as FLAWS high contrast image (FLAWS-
hc), was proposed.

For sake of clarity, mathematical demonstrations associated to the work presented in the

following sections are provided in supplementary materials.



Properties of the division image (FLAWS-div)

FLAWS-div is computed using the voxel-wise operation:

S1, 3.
S2,4

SdivA =
where S1, (S2,) is the signal of a given tissue A in FLAWS1 (FLAWS?2). It can be shown that the
WM/GM, WM/CSF and GM/CSF contrasts are close to 1 in the division image (see

supplementary materials). Additionally, mathematical demonstrations show that the SNR of WM

and CSF is low in FLAWS-div.
Properties of the high contrast image (FLAWS-hc)

The high contrast image, FLAWS-hc, is obtained by computing the voxel-wise signed contrast
between FLAWS1 and FLAWS2:

S1p— 52, 4,
S1,+ 52,

Shey =
Therefore, FLAWS-hc values are included within the [-1,1] interval. It should be noted that
FLAWS-hc is free of signal variations due to the received bias field, T2* relaxation and proton
density [2].
It can be shown that the WM/CSF contrast is close to 1 in FLAWS-hc. In addition, either the
WM/GM contrast or the GM/CSF contrast tends towards 1, according to the sign of (S1; — S2¢)
(see supplementary materials). Mathematical demonstrations showed that the SNR of WM and
CSF is higher in FLAWS-hc than in FLAWS-div.
Similarly to the FLAWS-div and the MP2RAGE-dedicated combination image [2,11], FLAWS-hc

is characterized by the appearance of a salt and pepper noise in its background. This noise can be

removed by adding coefficients in the voxel-wise operations [16]. A preliminary investigation on



the high-contrast image was recently proposed for presentation at a conference [17] using a
dataset of FLAWS images that, however, were not fully optimized.

1.3. MRI experiments and data analysis

To assess the results of the optimization, MR imaging was performed on eleven healthy
volunteers (four females, age 18-30yo) with a 1.5T scanner (MAGNETOM Aera, Siemens
Healthcare, Erlangen, Germany) equipped with a 20-receiver channel head and neck matrix coil,
using the optimal parameter set ®,,,. MR acquisitions were performed without parallel imaging
for all the volunteers and with parallel imaging (2x GRAPPA acelleration) on a subset of four
volunteers. All experiments were approved by the Institutional Review Board and the volunteers
signed an informed consent form to be included in the study.

To compare the results of the current study with those obtained at 3T by Tanner et al. [1], the CN
and CNR between brain tissues were measured in regions of interests (ROI) manually drawn in
the corpus callosum (splenium) for WM, caudate nucleus (head) for GM and lateral ventricle for
CSF. The size of the ROl was 46 mm?3 for each tissue, across all datasets. A qualitative
assessment of the acquired images was performed to ensure that the separation between the
internal globus pallidus (GPi) and the external globus pallidus (GPe) was identifiable in

FLAWSLI.

Results

km
opt’

The sum of the six simulated contrast (}CN), computed for each pre-optimal parameter set ®
is illustrated in Figure 1. In this figure, we observe different plateaus, that is, regions where
multiple pairs (k,m) yield the same value of }CN. A low value of }CN was observed within the

plateau around (k = 0,m = 0), illustrated in dark blue color. A high value of }CN was found

within the plateau illustrated in orange color, containing the pair (k = 100,m = 100). The
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maximum value of YCN was found within the plateau illustrated in red color corresponding to
the pair (k=44,m =77). The associated set of parameters
(Popt = [a1, a3, Th, Tly, TRgre, TRseq, Nix]) is presented in Table 1.

Figure 2 shows the signal of FLAWS1 and FLAWS?2 for pre-optimal sets of parameters associated
to three different pairs of regularization parameters (k, m: 0,0; 44,77;100,100).

The signal corresponding to the pair (k = 0, m = 0) is characterized by a poor WM suppression
in FLAWS1 (dashed blue line) and a poor CSF suppression in FLAWS2 (continuous blue line).
The pair (k = 100, m = 100) yields WM and GM signals with a very low intensity in FLAWS2
(continuous orange line).

As opposed to the case of the two pairs presented above, the signal of the pair (k = 44,m = 77)
does not suffer from the aforementioned disadvantages. On the contrary, this signal is
characterized by a good WM suppression in FLAWS1 (dashed red line) and a good CSF
suppression in FLAWS2 (continuous red line). Moreover, the signals of WM and GM in FLAWS2
have a high intensity (continuous red line).

Figure 3 shows 1.5T FLAWS images acquired with the optimal set of parameters, corresponding
to the pair (k = 44,m = 77) and presented in Table 1. FLAWSL is characterized by an excellent
WM suppression, as easily visualized on the sagittal view. An excellent CSF suppression was
observed in FLAWS2. These images displayed a strong bias, as particularly evident in the sagittal
views.

For every set of FLAWS images, the separation between the GPe and the GPi was identified in
FLAWS1, whereas it could not be identified in FLAWS2, as shown in Figure 4.

Table 2 presents the simulated and in-vivo values of contrast obtained at 1.5T with the optimal set

of parameters indicated in Table 1. Results obtained at 3T by Tanner et al. [1] are also reported.
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The simulated contrast was consistent with the contrast measured in-vivo at 1.5T. A good
agreement between the contrast reported at 1.5T and 3T was also found.

Figure 5 shows the image combinations FLAWS-div and FLAWS-hc. These images display an
excellent WM suppression, similarly to FLAWS1. Furthermore, FLAWS-div and FLAWS-hc are
also characterized by a high signal intensity of the CSF. Figure 6 highlights the contrast
enhancement provided by FLAWS-hc compared to FLAWS1. For example, the enhanced
GM/CSF contrast provides a clear separation between the cerebellum and the CSF. This
separation is not identifiable in FLAWSL. Furthermore, FLAWS-hc provides an image with
reduced bias compared to FLAWS1. This is noticeable when comparing the CSF signal in the
cortical regions to the CSF signal nearby the cerebellum. Contrast-enhanced images with a
contrast similar to FLAWS2 can be obtained by computing the opposite of FLAWS-hc (FLAWS-
hco), that is, multiplying FLAWS-hc by —1. As observed in FLAWS-hc, FLAWS-hco displays a
contrast enhancement and a bias field reduction.

Table 3 presents the CN and CNR of FLAWS1, FLAWS2, FLAWS-div and FLAWS-hc. The
minimum total CN of FLAWS-div is higher than the maximum total CN of FLAWS1 and
FLAWS2. The minimum total CN of FLAWS-hc is also higher than the maximum total CN of
FLAWS1 and FLAWS2. The total CN of FLAWS-hc is not different from the total CN of FLAWS-
div. However, the minimum total CNR of FLAWS-hc is higher than the maximum total CNR of
FLAWS-div. FLAWS-hc is also characterized by a higher total CNR than FLAWS1. No difference
was found between the total CNR of FLAWS2 and FLAWS-hc.

FLAWS images acquired with parallel imaging are characterized by a contrast similar to the one
obtained without parallel imaging, as presented in Figure 7 and Supplementary Table 1.
Supplementary Table 1 shows that the CNR between brain tissues remains high in parallel

FLAWS images. However, the CNR provided by the parallel imaging FLAWS was slightly
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lower than the CNR of the standard FLAWS. This decrease in CNR hampered the visualization
of basal ganglia structures in parallel imaging FLAWS images, as shown in Supplementary
Figure 1.

An incidental finding (periventricular GM heterotopia) was found in one of the volunteers. The
contrast enhancement provided by FLAWS-hc allowed to better identify the incidental finding
compared to FLAWS1 and FLAWS2 (Figure 8). This incidental finding was also clearly identified
in the FLAWS minimum image (FLAWS-min). FLAWS images acquired with parallel imaging

also allowed to identify the periventricular GM heterotopia, as shown in Supplementary Figure 2.

Discussion

In this study, we optimized FLAWS imaging at the field strength of 1.5T. The optimization was
carried out by performing signal simulations using the Bloch equations and applying a strategy
that employs a profit function. FLAWS images were acquired in vivo, with the most favorable set
of sequence parameters obtained by the optimization procedure. Qualitative and quantitative
assessment of FLAWS images at 1.5T validated the optimization approach proposed in this
study. Furthermore, the co-registration properties of FLAWS1 and FLAWS2 provided us the
opportunity of investigating image combinations (FLAWS-div and FLAWS-hc).

The choice of a novel MRI optimization approach, relying on the use of a profit function, was
driven by the multiparametric nature of the problem. As a matter of fact, the signal intensity in
FLAWS depends on seven parameters [al, az,Tll,TIZ,TRGRE,TRSeq,NEx]; moreover, the same
set of parameters has to provide different targeted contrasts in two sets of images, FLAWS1 and
FLAWS2.

The optimization consisted of three steps: (i) the sequence parameters providing a simulated

contrast similar to FLAWS at 3T were extracted from a wide range of sets; (ii) among the sets of
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parameters extracted in step (i), pre-optimal sets were selected by maximizing a profit function
aimed at tailoring the WM and CSF signal suppression in the optimization; and (iii) the optimal
set was chosen from the pre-optimal sets to maximize the simulated contrast between brain
tissues. To obtain FLAWS1 images where the separation between the GPe and the GPi is
identifiable, the profit function was designed to suppress the WM and, at the same time, to
maximize the difference between the globus pallidus and WM.

The MRI experiments performed on healthy volunteers at 1.5T validated the results of our
optimization procedure. An excellent WM and CSF signal suppression was observed in FLAWS1
and FLAWS?2, respectively. The values of the contrast measured in-vivo at 1.5T were consistent
with the simulated values and with the values reported at 3T [1]. From a qualitative point of
view, the optimal parameters of FLAWS at 1.5T allowed to identify the separation between the
GPe and the GPi in FLAWSL. This could be of interest for DBS surgery planning at 1.5T, which
is the field strength employed by most of the centers performing DBS [9,10].

In the current study, we investigated FLAWS-dedicated image combinations. First, the properties
of the division image FLAWS-div were presented. It was shown, by theoretical arguments and
quantitative measurements, that the contrast between brain tissues in FLAWS-div tends towards 1.
A previous study investigated the use of FLAWS imaging, and specifically FLAWS-div, at 3T for
DBS surgery planning. In this study, the authors exploited the enhanced contrast of FLAWS-div
to visualize the basal ganglia. However, we showed in the current study that FLAWS-div is
characterized by a poor SNR in both WM and CSF, leading to a low CNR between brain tissues.
To overcome the CNR limitation of FLAWS-div, a new combination image, FLAWS-hc, was
proposed. Mathematical demonstrations and quantitative measurements showed that FLAWS-hc
is characterized by a high CN and CNR between brain tissues. Furthermore, FLAWS-hc has a

contrast similar to FLAWS1, but provides a better differentiation of GM structures from the CSF
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thanks to its contrast-enhancement properties. In addition, the incidental periventricular GM
heterotopia observed in the FLAWS images of a volunteer highlights the interest of FLAWS for
clinical applications. In particular, the contrast provided by the FLAWS combination images,
FLAWS-hc and FLAWS-min, represents an added value in clinical settings.

FLAWS-hc images are characterized by a signal free of T2* relaxation, proton density and
received bias field, similarly to the MP2RAGE combination image [2]. The comparison between
FLAWS1 and FLAWS-hc highlights the bias field reduction obtained in FLAWS-hc. The opposite
of FLAWS-hc (FLAWS-hco) provides a CSF signal suppression, as the MPRAGE images and the
MP2RAGE combination images. Like the MP2RAGE combination image, FLAWS-hco is free of
T2* relaxation, proton density and received bias field and thus could be of interest for brain
segmentation at ultra-high fields.

A previous study performed at 3T showed the relevance of FLAWS imaging for the detection of
epileptogenic zones in focal-cortical dysplasia [7] and suggested that 7T FLAWS imaging might
improve the detection of epileptogenic zones. Our investigation of the combination-images
indicates that the contrast-enhancement and bias field reduction of FLAWS-hc provide an added
value for FLAWS imaging at ultra-high fields. It should be noted that the transmitted-bias field
affects the signal of FLAWS-hc. This aspect should be carefully taken into account for the
optimization and implementation of FLAWS at ultra-high fields.

In the current study, in addition to the 10-min FLAWS protocol without parallel imaging, a 6-min
protocol (2x GRAPPA acceleration) was tested. The shorter protocol yielded images of
diagnostic quality similar to the long protocol, as highlighted by the unequivocal observation of
the incidental finding. As such, the 6-min FLAWS protocol is of potential interest for diagnostic
purposes; however, this protocol cannot be used for DBS surgery planning, where an accurate

identification of the different basal-ganglia structures is required.
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The current study has some limitations. First, MRI experiments were performed only on a small
number of young volunteers. In future studies, it will be necessary to acquire data on a large
cohort of patients, in order to assess the impact of FLAWS imaging on DBS surgery planning at
1.5T. Furthermore, as opposed to the division image FLAWS-div, the newly proposed
combination image FLAWS-hc is not readily available on the MRI console, that is, is not yet
reconstructed online on the user interface of the MR systems; as such, the combination image
FLAWS-hc needs to be computed offline. The FLAWS protocol proposed in the current study for
DBS surgery planning takes 10 minutes. Compressed sensing techniques could be employed to
decrease the protocol acquisition time. However, these techniques were not readily available on
the clinical system used in the current study.

In conclusion, we optimized FLAWS brain imaging at 1.5T for a potential application to DBS
surgery planning. In addition, the co-registration properties of FLAWS images were exploited to
generate the combination image FLAWS-hc, which is characterized by an enhanced contrast
between brain tissues. With a signal free of T2* relaxation, proton density and received bias field,

FLAWS-hc can be of interest for ultra-high field imaging.
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Table 1: Optimal parameters of the FLAWS sequence at 1.5T.

TR/TE (msec)

Tl (msec)

Flip angles

Matrix

Slices

Resolution (mm?)
BW (Hz/px)
Orientation

FOV (mm?)
GRAPPA

Slice partial Fourier

Scan time (min: sec)

3500/2.32
403/1030
6°/10°
180 x 192
128
1.25x 1.25x 1.4
240
Sagittal
225 x 240
None (or 2x acceleration)
6/8
10:27 (or 05:50)
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Table 2: Simulated and in-vivo values of contrast at 1.5T in FLAWS1 and FLAWS2. For reference, the values obtained at 3T by

Tanner et al. are also shown [1].

FLAWS1 FLAWS2
Contrast Simulation 1.5T In-vivo 1.5T In-vivo 3T [1] Simulation 1.5T In-vivo 1.5T In-vivo 3T [1]
WM/GM 0.88 0.69 (0.59-0.84)  0.59 (0.51-0.69) 0.29 0.23(0.19-0.28)  0.15 (0.13-0.16)
WMI/CSF 0.90 0.75 (0.67-0.89)  0.68 (0.62-0.77) 1.00 0.88 (0.82-0.93)  0.83 (0.68-0.89)
GM/CSF 0.09 0.12 (0.08-0.19)  0.16 (0.13-0.17) 0.99 0.81(0.72-0.89)  0.78 (0.60-0.86)
Total* 1.87 1.56 (1.39-1.91) - 2.28 1.92 (1.77-2.04) -

WM: White Matter, GM: Gray Matter, CSF: Cerebrospinal Fluid. In-vivo contrast measurements were performed in the corpus
callosum (splenium) for WM, caudate nucleus (head) for GM and lateral ventricle for CSF. Ranges of in-vivo contrasts are presented

in parentheses.

*Total is the mean sum of the contrast WM/GM, WM/CSF and GM/CSF calculated for each volunteer.
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Table 3: Average values of contrast (CN) and contrast to noise ratio (CNR) for the FLAWS sequence acquired with optimal

parameters at 1.5T.

FLAWS1

FLAWS2

FLAWS-div

FLAWS-hc

WM/GM

WM/CSF

GM/CSF

Total CN*

0.69 (0.59-0.84)
0.75 (0.67-0.89)
0.12 (0.08-0.19)

1.56 (1.39-1.91)

0.23 (0.19-0.28)
0.88 (0.82-0.93)
0.81 (0.72-0.89)

1.92 (1.77-2.04)

CN

0.80 (0.73-0.89)
0.98 (0.97-0.99)
0.87 (0.77-0.93)

2.65 (2.51-2.77)

0.58 (0.48-0.64)
1.00 (1.00-1.00)
1.00 (1.00-1.00)

2.58 (2.48-2.64)

WM/GM

WM/CSF

GM/CSF

Total CNR**

12.4 (8.6-15.7)
19.2 (13.8-30.5)
4.2 (1.9-7.0)

35.8 (25.5-52.0)

13.2 (10.4-17.7)
33.7 (22.9-45.8)
22.5 (14.2-29.5)

69.3 (49.2-87.6)

CNR

13.5 (9.0-18.4)
3.1 (1.2-6.4)
2.9 (1.1-5.9)

19.5 (12.7-30.8)

16.0 (11.8-22.1)
27.4 (17.3-36.2)
16.4 (10.0-22.8)

59.8 (39.2-79.0)

WM: White Matter, GM: Gray Matter, CSF: Cerebrospinal Fluid. 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.

*TotalCN is the mean sum of the contrast WM/GM, WM/CSF and GM/CSF calculated for each volunteer.

**Total CNR is the mean sum of the contrast to noise ratios WM/GM, WM/CSF and GM/CSF calculated for each volunteer.
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Figure 1. Sum of the simulated contrast between brain tissues for the pre-optimal parameter sets

q>‘;gg according to the pair of regularization parameters (k,m).

Signal (a.u.)
0.10 \
-\\ WM GM CSF
\ GP

0.08-
— — FLAWS1, 0477

\ FLAWSZ, G477
008t ||

\ — — FLAWS1, @88,
FLAWS2, 035,
L , — - T —
0.04 — — — FLAWS1, 0010

FLAWS2, @00.100

0.021

0 1000 2000 3000 4000

Figure 2: Signal simulation of FLAWS1 and FLAWS2 for the pre-optimal parameter sets d)lg';‘t‘

corresponding to the pair of regularization parameters (k = 44,m = 77), (k=0,m = 0) and
(k=100,m = 100). WM: white matter; GP: globus pallidus; GM: gray matter; CSF:

cerebrospinal fluid.
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FLAWS1

FLAWS2

Figure 3: Axial (left), coronal (center) and sagittal (right) 1.5T FLAWS images acquired with the

optimal set of parameters @, presented in Table 1.
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FLAWS1 FLAWS1 Saturated

N B S I AT

FLAWS?2 FLAWS?2 Saturated

V.

Figure 4. Visualization of the basal ganglia with FLAWS at 1.5T. The arrows indicate the
location of the separation between the internal and the external globus pallidus. The identification
of globus pallidus structures is easier in FLAWS1 (first row) than in FLAWS2 (second row).
FLAWS1 and FLAWS?2 images are also displayed with a saturated signal window to better
visualize the separation between the internal and the external globus pallidus in the printed

version of the paper.
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FLAWS-div

FLAWS-hc

Figure 5: Axial (left), coronal (center) and sagittal (right) image combination FLAWS-div (first
row) and FLAWS-hc (second row). These images were denoised by adding coefficients in the

voxel-wise combinations [16].
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FLAWS1 FLAWS-hc

Figure 6: Sagittal views of FLAWS1 and FLAWS-hc (first row) and FLAWS2 and FLAWS-hco,

the opposite of FLAWS-hc (second row).
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Figure 7: Examples of FLAWSL1 (top row) and FLAWS2 (bottom row) images acquired at 1.5T

without parallel imaging (a, c) and with parallel imaging (b, d).
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Figure 8: Axial FLAWS images showing an incidental finding (periventricular GM heterotopia)
observed in one volunteer. The contrast enhancement provided by FLAWS-hc allows to better
identify the incidental finding. This incidental finding was also clearly identified in the FLAWS

minimum image (FLAWS-min).





