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Abstract: Subject-specific head models of which their geometry is based 
on structural magnetic resonance images are essential to accurately estimate 
the spatial sensitivity profiles for image reconstruction in diffuse optical 
tomography. T1-weighted magnetic resonance images, which are 
commonly used for structural imaging, are not sufficient for the threshold-
based segmentation of the superficial tissues. Two types of pulse sequences, 
which provide a high contrast among the superficial tissues, are introduced 
to complement the segmentation to construct the subject-specific head 
models. The magnetic resonance images acquired by the proposed pulse 
sequences are robust to the threshold level and adequate for the threshold-
based segmentation of the superficial tissues compared to the T1- and T2-
weighted images. The total scan time of the proposed pulse sequences is 
less than one-fourth of that for the T2-weighted pulse sequence. 

©2015 Optical Society of America 

OCIS codes: (170.2655) Functional monitoring and imaging; (170.3660) Light propagation in 
tissues. 
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1. Introduction 

Near-infrared spectroscopy and imaging have been applied to measure the hemodynamic 
response related to brain activation. The concentration change in hemoglobin in the brain is 
measured as the change in intensity detected by source-detector pairs attached to the scalp 
surface. Light is strongly scattered in the tissues and the detected light propagates through a 
broad region in the head. Near infrared topography can visualize the brain activation from the 
change in intensity detected by multiple probe pairs without information about light 
propagation in the head [1]. The measured data are mapped to the midpoint of the 
corresponding probe pair and the data are interpolated to obtain the brain function image. The 
limitation of the spatial resolution of near infrared topography is caused by the sparse probe 
arrangement and a broadened spatial sensitivity of the probe pairs [2]. Diffuse optical 
tomography (DOT) employing the high-density probe arrangement and image reconstruction 
algorithm incorporating the spatial sensitivity profile effectively improves the spatial 
resolution of the brain function image [3]. 

It is necessary to model light propagation in the head to estimate the spatial sensitivity 
profiles. Since the heterogeneity of the optical properties in the head affects light propagation 
in the brain, the model is typically segmented into five regions, i.e., the scalp, skull, 
cerebrospinal fluid (CSF), gray matter and white matter, and the geometry of the model is 
based on structural magnetic resonance (MR) images of the head [4–9]. The size of the head 
and the thickness of the superficial tissues vary among individuals and a subject-specific head 
model is preferred to accurately estimate the spatial sensitivity profiles. T1-weighted (T1W) 
is the most common pulse sequence of structural MR imaging and it has good contrast to 
segment the brain regions, i.e., the CSF, gray matter and white matter [10, 11]. In the DOT, 
light propagation in the brain is significantly affected by the thickness and geometry of the 
superficial tissues. Although the segmentation of the superficial tissues is very important, the 
T1W image provides almost no contrast between the skull and CSF. The skull/CSF boundary 
can be automatically extracted from only the T1W images by some software packages [12–
15]. They do not directly find the boundary in the image, but estimate the boundary using 
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priori knowledge. It is better to additionally use the MR image which provides good contrast 
among the superficial tissues to precisely construct subject-specific head models. 

The T2-weighted (T2W) pulse sequence is also commonly used in clinical applications 
and it provides a bright signal from the scalp and CSF, while a dark signal from the skull. The 
T1W and T2W images are a good pair to segment the anatomical images into the five types of 
tissues [14]. A disadvantage of the T2W image is its long scan time. The scan time of the 
T2W image is more than five times as long as that of the T1W image. A prolonged imaging 
imposes a strain on a subject and evokes a motion artifact. 

In this study, two pulse sequences of the MR imaging, which provide a good contrast 
between the skull and CSF and between the CSF and gray matter, were evaluated in terms of 
adequacy to threshold-based segmentation of the superficial tissues to construct subject-
specific head models for the DOT. The fat-saturated proton density weighted (FS-PDW) 
pulse sequence was selected for improvement of the contrast between the scalp and CSF. The 
proton density weighted (PDW) image provides a dark signal from the skull whereas a bright 
signal from the scalp and CSF, and a good contrast between the scalp and skull and between 
the skull and CSF [16]. The PDW image also provides a bright signal from yellow bone 
marrow in the skull and it reduces the contrast of the skull. In the FS-PDW, fat suppression 
was adopted to the PDW pulse sequence to suppress the signal from the yellow bone marrow. 
Fast imaging employing the steady-state acquisition (FIESTA) pulse sequence, in which the 
signal is related to the ratio of T2 to T1, can highlight the CSF. The FIESTA was selected to 
improve the contrast between the CSF and gray matter [17]. The MR images acquired by 
T1W, T2W, FS-PDW and FIESTA were segmented by a threshold-based segmentation 
algorithm to evaluate the adequacy of the MR images in order to extract the particular types 
of tissues and robustness of the threshold level. The MR images acquired by the proposed 
sequences were applied to the FMRIB software library (FSL) tools, which is designed for the 
T1W and T2W images, to evaluate the adaptivity to the publicly available segmentation tools. 
Three-dimensional whole head models were constructed from the MR images acquired by the 
T1W and T2W and by the FS-PDW, FIESTA and T1W. The light propagation in these 
models was compared to that in the manually segmented head model. 

2. Method 

2.1 Acquisition of MR images 

Forty-six healthy volunteers (24 males and 22 females, 38.0 ± 11.4 years old) participated in 
this study. The study was approved by the Ethics and Radiation Safety Committees of the 
National Institute of Radiological Sciences, Chiba, Japan. All participants gave their written 
informed consent. 

All the MR experiments were performed using a 3.0-T clinical MR system (SignaHDx 
3.0; GE Healthcare, Milwaukee, WI, USA). The detailed scan parameters of the four contrast 
variant images are as follows: 

a) T1W, 3-dimensional spoiled gradient echo (3D-SPGR) with inversion pulse and array 
spatial sensitivity encoding technique (ASSET), repetition time (TR) / echo time 
(TE) / inversion time (TI) = 6.8/1.9/450 ms, flip angle (FA) = 12 degree, matrix = 
256 × 256, number of excitation (NEX) = 1; 

b) T2W, fast spin echo with flow compensation, transaxial plane, TR/TE = 4000/90 ms, 
echo train length = 16, matrix 512 × 512, NEX = 2; 

c) FS-PDW, 3D-SPGR with ASSET and tailored radiofrequency pulse for FS, TR/TE = 
13.8/1.9 ms, FA = 6 degree, matrix = 256 × 256, NEX = 1; 

d) FIESTA, TR/TE = 13.8/1.9, FA = 45 degree, matrix = 256 × 256, NEX = 1. 
ASSET factor of 2 was applied to all sequences using ASSET. 
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The field of view and slice thickness of all the images are 26.0 cm and 1.0 mm, 
respectively. The scan time for the MR image acquisition is shown in Table 1. The scan time 
for T2W was much longer than that for other image acquisitions. All the image data were 
anonymized before the segmentation process. 

Table 1. Scan time for MR image acquisition. 

 T1W T2W FS-PDW FIESTA 
scan time (s/slice) 1.21 6.96 1.35 0.31 

2.2 Segmentation of tissues 

2.2.1 Manual ground-truth segmentation 

The whole head MR images of one subject were manually segmented into four regions, i.e. 
the scalp, skull, CSF, and brain, to create the most accurate ground-truth data of a 3D subject-
specific head model. A slice of the MR image of the other 45 subjects was also manually 
segmented into the four regions to evaluate the between-subject reproducibility of the 
threshold-based segmentation. 

2.2.2 Threshold-based segmentation 

The MR images were segmented into the four regions, i.e., the scalp, skull, CSF and brain, 
using binarization and morphological operations to compare the suitability of the four contrast 
variant MR images to the threshold-based algorithms for the superficial tissue segmentation. 
The process to extract the scalp mask, outer skull mask, inner skull mask and brain mask is as 
follows: 

a) scalp mask (air/scalp boundary) 

a-1) The MR image was binarized using the threshold level to segment the air and 
scalp. 

a-2) Unextracted regions remaining inside the scalp were extracted by the closing 
operation. 

b) inner skull mask (skull/CSF boundary) 

b-1) The MR image was binarized using the threshold level to segment the skull and 
CSF. 

b-2) Extracted regions outside of the skull (mainly the scalp) were removed by the 
erosion operation. 

b-3) The primary region (the inner skull mask) was selected by the labeling process. 

b-4) Influence of the erosion operation on the mask was compensated by the dilation 
operation. 

c) outer skull mask (scalp/skull boundary) 

c-1) The MR image was binarized using the threshold level to segment the scalp and 
skull. 

c-2) The air region was removed using the scalp mask. 

c-3) The inner skull mask was added to the extracted region. 

c-4) Pepper noise in the mask was removed by the closing operation. 

d) brain mask (CSF/gray matter boundary) 

#243312 Received 17 Jun 2015; revised 24 Jul 2015; accepted 24 Jul 2015; published 3 Aug 2015 
(C) 2015 OSA 1 Sep 2015 | Vol. 6, No. 9 | DOI:10.1364/BOE.6.003197 | BIOMEDICAL OPTICS EXPRESS 3200 



d-1) The MR image was binarized using the threshold level to segment the CSF and 
gray matter. 

d-2) Extracted regions outside the CSF (mainly the skull and air) were removed 
using the inner skull mask 

d-3) Salt noise outside the mask was removed by the erosion operation. 

d-4) The primary (brain) region was selected by the labeling process. 

d-5) Influence of the erosion operation on the mask was compensated by the dilation 
operation. 

The T1W, T2W and FS-PDW images were used to segment the scalp, outer skull and 
inner skull masks and the T1W, T2W and FIESTA images were used to segment the brain 
mask. 

2.2.3 Segmentation by FSL tools 

The segmentation of the MR images was also performed using FSL tools to evaluate the 
compatibility of the FS-PDW and FIESTA images to the publicly available segmentation 
tools. 

The scalp and skull regions were segmented by the Brain Extraction Tool (BET). The 
BET is designed to estimate the air/scalp, scalp/skull and skull/CSF boundaries of the head 
from the T1W images or a pair of T1W and T2W images. The FS-PDW images were 
segmented to extract the scalp and skull regions by the BET. 

The CSF/gray matter boundary was extracted by FMRIB's Automated Segmentation Tool 
(FAST). Before running the FAST, MR images were extracted by the inner skull mask and 
the MR images consisting of the CSF and brain regions were fed into the FAST. The number 
of classes to be segmented was two, and the images were segmented into the CSF and brain 
regions. The FIESTA images as well as the T1W and T2W images were segmented to 
estimate the CSF/gray matter boundary by the FAST. 

2.3 Construction of head models and light propagation analysis 

Light propagation in three whole-head models was obtained by the manual ground-truth 
segmentation and the threshold-based segmentation from two sets of MR head images. The 
scalp, outer skull and brain masks were segmented from the T1W images and the inner skull 
mask was segmented from the T2W images for the model by the previous set of pulse 
sequences. The scalp, outer skull and inner skull masks were segmented from the FS-PDW 
images and the brain mask was segmented from the FIESTA images for the model by the 
proposed set of pulse sequences. The brain region of all the models was segmented into the 
gray matter and white matter regions from the T1W images by the FAST. 

The light propagation in the models was calculated by use of a previously described 
Monte Carlo method based on a variance reduction technique [18]. Each voxel in the models 
was specified with its optical properties according to the results of the segmentations. The 
optical properties of the five types of tissues in the head models are shown in Table 2. These 
values were chosen from the reported data for each type of tissue at the 830-nm wavelength 
[19–22]. The partial optical path length in the superficial tissues (the scalp and skull) and the 
brain (the gray matter and white matter) and the spatial sensitivity profiles estimated by the 
3D head models obtained by the threshold-based segmentation were compared to those 
obtained by the manually segmented ground-truth model. 
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Table 2. The optical properties of tissues for light propagation analysis in the head 
models. 

 transport scattering 
coefficient (mm-1) 

absorption coefficient (mm-1) 

scalp 1.84 0.025 
skull 1.48 0.016 
CSF 0.24 0.001 

gray matter 2.12 0.039 
white matter 8.82 0.017 

3. Results and discussion 

3.1 Threshold-based segmentation of MR images 

A T1W image of a head and its pixel intensity histogram are shown in Figs. 1(a) and 1(b), 
respectively. In the T1W image, the scalp and white matter appear bright whereas the skull 
and CSF appear dark. The gray matter is darker than the white matter and brighter than the 
CSF. The contrast between the gray matter and white matter and between the gray matter and 
CSF seems adequate for the threshold-based segmentation. The histograms of the skull and 
CSF in the T1W image are completely overlapped indicating that the T1W images are not 
suitable for the threshold-based segmentation of the skull and CSF. 

 

Fig. 1. T1W MR image of head: (a) Axial image, (b) image histogram. 

 

Fig. 2. MR images of head: (a) T2W, (b) FS-PDW, (c) FIESTA. 

The MR head images acquired with T2W, FS-PDW and FIESTA are shown in Figs. 2(a), 
2(b) and 2(c), respectively. In the T2W image, the scalp and CSF appear bright whereas the 
skull is dark. That is why the T2W images have been complementally used to segment the 
skull region. The FS-PDW image provides a bright signal from the scalp and brain whereas a 
dark signal from the skull including the yellow bone marrow as shown in Fig. 2(b). The 
contrast between the scalp and skull is higher than that of the T2W image. The CSF provides 
a bright signal whereas the skull and brain appear dark in the FIESTA image as shown in Fig. 
2(c). 
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The scalp, outer skull and inner skull masks were segmented from the T1W, T2W and FS-
PDW images and the brain mask were segmented from the T1W, T2W and FIESTA images. 

In order to evaluate the robustness of the segmentation to the threshold level, the threshold 
level in the threshold-based segmentation was changed and the results of the segmentation 
were compared to the ground-truth image. The accuracy of the segmentation was quantified 
by the Dice coefficient, D, between the boundary mask obtained by the threshold-based 
segmentation and corresponding ground-truth image. 
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where IS and IG are the segmented and ground-truth images, respectively. Figure 3 shows the 
relationship between the threshold level and Dice coefficient of the segmented images of (a) 
scalp mask, (b) outer skull mask, (c) inner skull mask and (d) brain mask. The segmentation 
of the scalp and outer skull masks from the T1W images is robust to the threshold level as 
well as that by the FS-PDW images as shown in Figs. 3(a) and 3(b). The skull/CSF boundary 
was not accurately segmented from the T1W images, and the results for the T2W and FS-
PDW images are only shown in Fig. 3(c). Both the T2W and FS-PDW images are adequate to 
segment the skull/CSF boundary, however, the segmentation from the FS-PDW image is 
more robust to the threshold level and more accurate than that from the T2W image. The 
maximum value of the Dice coefficient for the brain mask is smaller than that for the other 
masks because the geometry of the CSF around the sulcus structure is complicated. The 
maximum values of Dice coefficient for the T1W, T2W and FIESTA images are almost the 
same, however, the threshold levels for the T1W and T2W images must be more precisely 
determined compared to the FIESTA images. 

The scalp, outer skull and inner skull masks segmented from the T1W, T2W and FS-PDW 
images with the most appropriate threshold level and difference images between the images 
obtained by the threshold-based segmentation and the corresponding ground-truth images are 
shown in Fig. 4. In the difference images, the blue and red areas represent the false positive 
and false negative extractions, respectively. Appropriate boundary masks can be obtained 
from the T1W, T2W and FS-PDW images by the threshold-based segmentation with the 
optimal threshold level except for the inner skull mask from the T1W image. 

 

Fig. 3. Relationship between threshold and Dice coefficient of segmented image: (a) scalp 
mask, (b) outer skull mask, (c) inner skull mask, (d) brain mask. 
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Fig. 4. Segmented boundary masks of the scalp, outer skull and inner skull. 

 

Fig. 5. Segmented boundary masks of the brain. 
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The brain mask segmented from the T1W, T2W and FIESTA images with the most 
appropriate threshold level and difference images between the segmented images and the 
corresponding ground-truth images are shown in Fig. 5. The brain region is reasonably 
segmented from the three types of MR images, however, the segmentation error around the 
sulcus is more significant in the results from the T1W and T2W images compared to that 
from the FIESTA image. 

A 3D subject-specific head model was constructed from the results of the segmentation. 
The scalp, skull, and CSF regions are obtained from the scalp and outer skull masks, the outer 
and inner skull masks, and the inner skull and brain masks, respectively. The gray 
matter/white matter boundary was obtained from the T1W image by the FAST. A frame from 
a movie (Visualization 1) of the transaxial plane of the 3D subject-specific head model 
obtained from the manual ground-truth segmentation and threshold-based segmentation from 
the MR images acquired by the proposed set of pulse sequences is shown in Fig. 6. As shown 
in the movie, the different tissue regions in the subject-specific head model are accurately 
obtained from the MR images by the threshold-based segmentation. 

 

Fig. 6. Frame from a movie (Visualization 1) of the comparison of subject-specific head 
models obtained by the manual ground-truth segmentation and threshold-based segmentation. 

The scalp, skull and CSF regions were segmented from a set of MR images in the 
transaxial plane of the other 45 subjects. The optimal threshold level was selected for each 
MR image for the MR images acquired by the conventional pulse sequences (T1W and 
T2W), whereas the threshold levels for the MR images acquired by the proposed pulse 
sequences (FS-PDW and FIESTA) were based on those optimized to the MR images for the 
3D head model. The Dice coefficient between the regions in the superficial tissues obtained 
by the threshold-based segmentation from the MR images acquired by the two sets pulse 
sequences and the ground truth of those obtained by the manual segmentation were calculated 
for the 136 transaxial plane images in the 3D head model for a subject and a transaxial plane 
image for each of the 46 subjects, and the results are shown in Table 3. The Dice coefficients 
for the MR images acquired by the proposed pulse sequences are greater than those for the 
MR images acquired by the conventional pulse sequences. These results indicate that the FS-
PDW and FIESTA images are robust to threshold level and appropriate for the threshold-
based segmentation. 
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Table 3. Dice coefficient between segmented images and ground-truth image. 

 3D head of a subject a transaxial plane of 46 subjects 
 previous set of 

pulse sequences 
proposed set of 
pulse sequences 

previous set of 
pulse sequences 

proposed set of 
pulse sequences 

scalp 0.946 0.965 0.876 ± 0.054 0.900 ± 0.036 
skull 0.883 0.940 0.812 ± 0.052 0.862 ± 0.038 
CSF 0.747 0.852 0.700 ± 0.064 0.735 ± 0.071 

3.2 Segmentation by FSL 

The scalp and skull regions segmented from the T1W, pair of T1W and T2W, and FS-PDW 
by the BET and the difference images between the segmented images and the corresponding 
ground-truth images are shown in Fig. 7. The blue and red areas in the difference images 
represent the false positive and false negative extractions, respectively. The accuracy of the 
segmented scalp regions obtained from the T1W, T2W and FS-PDW is almost the same. The 
shapes of the skull regions segmented from the three types of MR images seem reasonable, 
however, a significant error in the segmentation is observed in the difference image for the 
T1W image. In the segmented images obtained from the pair of T1W and T2W images, the 
segmentation error is significantly reduced compared to that obtained from the T1W image 
except for only the frontal and occipital regions. Although the skull region segmented from 
the FS-PDW images is slightly thinner than the ground truth all around, the result is more 
accurate than those segmented from T1W and T2W. 

The CSF region segmented from the T1W, T2W, and FIESTA by the FAST and the 
difference images between the segmented images and their ground truth are shown in Fig. 8. 
Since the outer boundary of the CSF was extracted before running the FAST, the skull/CSF 
boundaries of all the segmented images are the same. The CSF region segmented from the 
FIESTA by the FAST is almost the same as that segmented from the T1W and T2W images. 

 

Fig. 7. Scalp and skull regions segmented by BET. 
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Fig. 8. CSF region segmented by FAST. 

The Dice coefficients between the images segmented by the BET and the ground truth for 
the scalp and skull and between the images segmented by the FAST and the ground truth for 
the CSF are shown in Tables 4 and 5, respectively. The Dice coefficients were calculated for 
the 136 transaxial plane images in the whole head of a subject and a transaxial plane image 
for each of the 46 subjects. The segmentations of the superficial tissues from the FS-PDW 
and FIESTA images by the FSL tools are more accurate than or equivalent to those from the 
T1W and T2W images despite the fact that the BET and FAST are designed for the T1W and 
T2W images. 

Table 4. Dice coefficient between ground truth and images segmented by BET. 

 3D head of a subject a transaxial plane of 46 subjects 

 T1W 
T1W and 

T2W 
FS-PDW T1W T1W and T2W FS-PDW 

scalp 0.831 0.910 0.933 0.864 ± 0.048 0.889 ± 0.040 0.905 ± 0.030 
skull 0.507 0.777 0.817 0.647 ± 0.114 0.711 ± 0.090 0.778 ± 0.050 

Table 5. Dice coefficient between ground truth and images segmented by FAST. 

 3D head of a subject a transaxial plane of 46 subjects 
 T1W T2W FIESTA T1W T2W FIESTA 

CSF 0.678 0.606 0.690 0.670 ± 0.085 0.676 ± 0.084 0.674 ± 0.080 

3.4 Light propagation in head models 

Figures 9(a) and 9(b) show two sets of the probe arrangements for the calculation of the 
partial optical path length and spatial sensitivity profiles. The source and detectors were 
aligned along a transaxial plane of the head in the probe arrangement 1 whereas the other 
ones were aligned along a coronal plane in the probe arrangement 2. The detectors were 
placed from 5 mm to 40 mm at 5-mm intervals. 

 

Fig. 9. Probe arrangements: (a) arrangement 1: along transaxial plane, (b) arrangement 2: along 
coronal plane. 
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Fig. 10. Partial optical path lengths calculated by the 3D head models: (a) superficial tissues, 
(b) brain. 

 

Fig. 11. Topographic and tomographic views of the spatial sensitivity profiles for source-
detector spacing of 30 mm: (a) ground-truth model by manual segmentation, (b) model 
obtained from the previous set of MR images, (c) model obtained from the proposed set of MR 
images. (1) probe arrangement 1, (2) probe arrangement 2. (i) topographic view of the spatial 
sensitivity profile on the brain surface, (ii) tomographic view of the spatial sensitivity profile in 
the plane of the source and detector. 
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The partial optical path lengths in the superficial tissues (the scalp and skull) and in the 
brain (the gray matter and white matter) calculated by the 3D head models obtained by the 
three types segmentations as a function of the source-detector spacing are shown in Figs. 
10(a) and 10(b), respectively. The partial optical path lengths estimated by the models 
obtained by the threshold-based segmentation agree well with that estimated by the ground-
truth model obtained by the manual segmentation. Since the threshold-based segmentation 
tends to underestimate the skull thickness, the partial optical path length in the skull estimated 
by the models obtained by the threshold-based segmentation is slightly shorter than that 
estimated by the ground-truth model. 

The spatial sensitivity profiles, which indicate the volume of tissue sampled by the source-
detector pair of 30-mm spacing in probe arrangements 1 and 2, are shown in Fig. 11. Figures 
11(a), 11(b) and 11(c) show the spatial sensitivity profiles estimated from the model obtained 
by the manual segmentation, by threshold-based segmentation from the T1W and T2W 
images, and from the FS-PDW, FIESTA and T1W images, respectively. Figures 11(1-i) and 
11(1-ii) show topographic and tomographic views of the spatial sensitivity profiles for probe 
arrangement 1, and Figs. 11(2-i) and 11(2-ii) show those for probe arrangement 2. Both the 
distribution on the brain and penetration into the brain of the spatial sensitivity estimated by 
the two models obtained by the threshold-based segmentation are the same and agree with 
those estimated by the manually segmented ground-truth model. 

4. Conclusions 

The MR images acquired by the two types of pulse sequences (FS-PDW and FIESTA) were 
evaluated for the threshold-based segmentation of the superficial tissues of the head to 
construct the subject-specific head models for DOT. The FS-PDW image is robust to the 
threshold level and adequate for the threshold-based segmentation of the scalp and skull 
compared to the T1W and T2W images. The FIESTA image is adequate for the segmentation 
of the CSF. The segmentations of the superficial tissues from the FS-PDW and FIESTA 
images by the FSL tools are more accurate than or equivalent to those from the T1W and 
T2W images despite the fact that the BET and FAST are designed for the T1W and T2W 
images. 

The partial optical path lengths and spatial sensitivity profiles estimated by the head 
model constructed from the FS-PDW, FIESTA and T1W are almost the same as those 
estimated by the head model constructed from the T1W and T2W, and they agree with those 
estimated by the ground-truth model obtained by the manual segmentation. 

The advantages of the FS-PDW and FIESTA versus the T2W are not only the robustness 
to the threshold level and reliability, but also their scan time. The scan time for the FS-PDW 
is less than one-fifth that for the T2W. The T1W image is essential to construct the subject-
specific model because of the contrast between the gray matter and white matter. The FS-
PDW image is highly recommended to be complementally used to segment the superficial 
tissues by not only the threshold-based segmentation, but also the FSL tools. The FIESTA 
image can be additionally used to improve the segmentation of the CSF region. Even if both 
the FS-PDW and FIESTA images are acquired, the total scan time is less than one-fourth that 
for the T2W. 
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