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Background: Previous quantitative synthetic MRI of the brain has been solely performed in 2D.
Purpose: To evaluate the feasibility of the recently developed sequence 3D-QALAS for brain cortical thickness and
volumetric analysis.
Study Type: Reproducibility/repeatability study.
Subjects: Twenty-one healthy volunteers (35.6 � 13.8 years).
Field Strength/Sequence: 3D T1-weighted fast spoiled gradient recalled echo (FSPGR) sequence was performed once,
and 3D-QALAS sequence was performed twice with a 3T scanner.
Assessment: FreeSurfer and FIRST were used to measure cortical thickness and volume of subcortical structures, respec-
tively. Agreement with FSPGR and scan–rescan repeatability were evaluated for 3D-QALAS.
Statistical Tests: Percent relative difference and intraclass correlation coefficient (ICC) were used to assess reproducibility
and scan–rescan repeatability of the 3D-QALAS sequence-derived measurements.
Results: Percent relative difference compared with FSPGR in cortical thickness of the whole cortex was 3.1%, and 89% of
the regional areas showed less than 10% relative difference in cortical thickness. The mean ICC across all regions was 0.65,
and 74% of the structures showed substantial to almost perfect agreement. For volumes of subcortical structures, the
median percent relative differences were lower than 10% across all subcortical structures, except for the accumbens area,
and all structures showed ICCs of substantial to almost perfect agreement. For the scan–rescan test, percent relative differ-
ence in cortical thickness of the whole cortex was 2.3%, and 97% of the regional areas showed less than 10% relative dif-
ference in cortical thickness. The mean ICC across all regions was 0.73, and 80% showed substantial to almost perfect
agreement. For volumes of subcortical structures, relative differences were less than 10% across all subcortical structures
except for the accumbens area, and all structures showed ICCs of substantial to almost perfect agreement.
Data Conclusion: 3D-QALAS could be reliably used formeasuring cortical thickness and subcortical volumes inmost brain regions.
Level of Evidence: 3
Technical Efficacy: Stage 1
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TISSUE RELAXOMETRY can provide quantitative values
for the evaluation of diseases,1 development,2 and aging,3 as

opposed to arbitrary signal intensities of conventional magnetic
resonance imaging (MRI) such as T1-weighted, T2-weighted, and
FLAIR images. However, its use in human brain imaging has
mostly been limited to research applications because of additional
lengthy scan times. Recently, quantitative synthetic MRI,
enabling simultaneous quantification of T1 and T2 relaxation
times and proton density (PD) with high reliability,4 has been
proposed for whole brain coverage.5,6 The technique also allows
for the creation of any contrast-weighted image that is used rou-
tinely in clinical settings,7 rendering its clinical application highly
feasible. Quantitative synthetic MRI has been applied to a variety
of diseases, such as multiple sclerosis,8,9 meningitis,10 and brain
infarctions,11 with promising results. The original sequence used
for quantitative synthetic MRI was based on a multislice 2D
acquisition, providing a relatively low resolution in the slice direc-
tion in comparison to conventional 3D T1-weighted acquisitions.
Recently, however, 3D-QALAS (3D-quantification using an
interleaved Look-Locker acquisition sequence with T2 prepara-
tion pulse) has been developed for simultaneous quantification of
T1 and T2 in cardiac imaging, showing high accuracy and preci-
sion in the heart and phantoms with various tissue properties.12,13

As opposed to relaxometry, volumetric analysis of the brain
has already been widely performed in clinical settings, such as for
the evaluation of patients with neurodegenerative14 and demye-
linating disorders.15 Additionally, regional volumetric analysis has
been extensively performed in research settings. Changes in corti-
cal thickness and subcortical volumes are related to aging16–18 and
in a wide variety of neurological disorders.14,16,19 Taken together,
differences in regional cortical thickness and subcortical volume
may indicate the state of neurological health, and their accurate
measurements may lead to a better understanding of patients’
conditions.

Here, we propose application of the 3D-QALAS sequence
for simultaneous acquisition of relaxometry parameters as well as
for obtaining volumetric information in high-resolution 3D.
Therefore, the purpose of this study was to show the validity of
volumetric information acquired with 3D-QALAS by 1) evaluat-
ing the reproducibility of 3D-QALAS sequence-derived volumet-
ric brain measurements using conventional T1-weighted imaging-
derived measurements as reference standards, and 2) evaluating
the repeatability of 3D-QALAS sequence-derived measurements
by scan–rescan tests, on healthy subjects.

Materials and Methods
Subjects
This study was approved by our Institutional Review Board and written
informed consent was acquired from all participants. Twenty-one healthy
volunteers were included in this study (14 women and 7 men; mean age,
35.6� 13.8 years). None of the participants had a history of a major med-
ical condition including neurological or psychiatric disorders. Two

radiologists (S.F. and A.H.) performed a blind examination on all volun-
teer exams and confirmed that all had normal structural MRI results.

Image Acquisition
All participants were scanned with a 3T scanner (Discovery 750w; GE
Healthcare, Milwaukee, WI) with a 12-channel head coil. A 3D
T1-weighted fast spoiled gradient recalled echo (FSPGR) sequence was
performed once, and the 3D-QALAS sequence was performed twice
(to test scan–rescan) in the same session on all the participants. Between
scan–rescan of the 3D-QALAS sequence, the subjects were taken out of
the MRI room and repositioned on the scanner. The scan parameters of
FSPGR were as follows: sagittal acquisition; repetition time / echo time /
inversion time (TR/TE/TI), 7.7/3.1/400 msec; field of view (FOV),
256 × 256 mm; matrix size, 256 × 256; section thickness, 1.0 mm; flip
angle, 11�; receiver bandwidth, 244.1 Hz/pixel; averages, 1; acquisition
time, 5 min 45 sec. 3D-QALAS is based on a multiacquisition 3D gradi-
ent echo, with five acquisitions equally spaced in time, interleaved with a
T2 preparation pulse and an inversion pulse. Briefly, T1 fitting was per-
formed on four acquisitions after the inversion pulse, and T2 fitting was
performed on extrapolation of the signal intensity straddling the T2 prep
pulse. Instead of a cardiac trigger, an internal trigger started each of the
five acquisitions every 900msec, making the total cycle time 4.5 sec. Fur-
ther details of the 3D-QALAS sequence and its postprocessing are avail-
able in a previous study.12 The scan parameters of 3D-QALAS were as
follows: axial acquisition; TR/TE/TI, 8.6/3.5/100 msec; FOV, 256 ×
256; matrix size, 256 × 256; section thickness, 1.0 mm; flip angle, 5�;
receiver bandwidth, 97.7 Hz/pixel; averages, 1; acquisition time, 11 min
41 sec. We set the spatial resolution of the FSPGR imaging, standard ref-
erence in this study, as 1.0 mm isotropic, since the Alzheimer’s Disease
Neuroimaging Initiative (ADNI)20 study recommended the usage of
1.0 mm isotropic data at 3T. All 3D-QALAS and FSPGR images were
visually examined for artifacts such as ringing, blurring, and ghosting on
site upon image acquisition. Images exhibiting these common artifacts
were excluded from this study and subjects with such artifacts were
rescanned.

Image Postprocessing
Images obtained from the 3D-QALAS sequence were processed on a pro-
totype version 0.45.5 of the SyMRI software (SyntheticMR, Linkoping,
Sweden) to synthesize 3D synthetic T1-weighted images. TR and TE
were virtually set to the default values of 500 msec and 10 msec, respec-
tively. These 3D synthetic T1-weighted images and FSPGR images were
used for subsequent analyses. Noncommercial automatic brain
parcellation programs, described below, were used to measure cortical
thickness and the volume of subcortical structures on the basis of 3D
T1-weighted images for each subject.

MEASUREMENT OF CORTICAL THICKNESS AND
VOLUME. The pipeline of FreeSurfer (v. 5.3.0, http://surfer.
nmr.mgh.harvard.edu) was used to obtain cortical thickness and
volume for each sequence. FreeSurfer utilizes affine transforma-
tions and combines information about voxel intensity relative to a
probability distribution for tissue classes with information about
the spatial relationship of the voxel to the location of neighboring
structures obtained from a manually labeled atlas.21,22 The
Desikan-Killiany Atlas, consisting of 34 regions per hemisphere,
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was used to measure average cortical thickness and volume in each
area.18 Further details of FreeSurfer are available in previous
articles,21,22 and in the documentation provided by the developers
(http://surfer.nmr.mgh.harvard.edu/). The default analysis set-
tings were used in running the “recon-all” command. Bilateral
regional values were averaged for further analysis. Previous
research has shown that brain mask cleaning was the only type of
manual intervention that improved FreeSurfer-derived results.23

Therefore, manual brain mask assessment was performed in this
study. For each subject, the brain mask was visually assessed on
axial, sagittal, and coronal images. Brain masks excluding brain
tissue (overcropping) were manually corrected using the Freeview
application. A brain mask including extracerebral tissue, such as
orbit (undercropping), was not corrected because it still allowed
accurate surface demarcation.

VOLUMETRY OF SUBCORTICAL STRUCTURES. Due to high
variability in the spatial location and extent of subcortical graymat-
ter segmentations produced by FreeSurfer,21 the volumes of sub-
cortical gray matter structures were obtained using the pipeline of
FMRIB Integrated Registration and Segmentation Tool (FIRST,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) implemented in the
FMRIB Software Library v. 5.0.9.24 The volumes of subcortical
white matter structures were obtained based on FreeSurfer using
the Desikan-Killiany Atlas. Volumes of subcortical structures were
measured for each sequence. All segmentation results performed
on FreeSurfer and FIRSTwere visually screened for gross errors.

Statistical Analysis
All statistical analyses were performed with R program v. 3.3.0 (R Core
Team [2016]. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. URL https://
www.R-project.org/). Agreement to measurements obtained from
FSPGR and scan–rescan repeatability were evaluated for 3D-QALAS.
Percent relative difference and intraclass correlation coefficient (ICC)
were used to assess reproducibility and repeatability of the 3D-QALAS
sequence-derived measurements. Within-subject coefficient of variation
(wCV) was also used in assessing repeatability. ICC is a measure of
within-subject relative to between-subject variability. The ICC estimates
of agreement were categorized as the following: slight (0.01–0.20), fair
(0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), and almost
perfect agreement (0.81–1.0).25 Percent relative difference was calculated

by dividing the absolute difference by the mean of two measurements,
defined as follows:

percent relative difference =
2 jX −Y j
X + Y

× 100

where X and Y are the measured values. The wCV was defined as
follows:

wCV =
σw
μ

× 100

where σw is the within-subject standard deviation and μ is the
overall mean of the measured values.

Results
Representative FreeSurfer and FIRST outputs from 3D-QALAS
sequence-derived T1-weighted images are shown in Fig. 1.

Measurement of Cortical Thickness

REPRODUCIBILITY OF 3D-QALAS SEQUENCE-DERIVED
CORTICAL THICKNESS AND VOLUME: COMPARISON
WITH CONVENTIONAL FSPGR. Figure 2 shows a histogram
of 3D-QALAS and FSPGR sequence-derived cortical thickness
estimated using FreeSurfer across all regions in the Desikan-
Killiany Atlas in all subjects. The range of the cortical thicknesses
in this study was consistent with previous studies, reporting corti-
cal thickness ranging from 1–4.5 mm (both of postmortem and
FreeSurfer-based findings).18,23,26 In Fig. 3a, regional percent rel-
ative differences between 3D-QALAS and FSPGR-derived corti-
cal thicknesses are overlaid on an inflated brain. Figure 3b shows
the boxplots for percent relative differences. Percent relative differ-
ence of the whole cortex was 3.1%, and 89% of the regional areas
showed less than 10% relative difference in cortical thickness.
Cortical thickness of the temporal pole, inferior temporal, per-
icalcarine, fusiform, and entorhinal cortex showed relatively low
agreement. Table 1 shows the ICCs for 3D-QALAS and FSPGR-
derived cortical thickness. The mean ICC across all regions was
0.65, and 74% of the structures showed substantial to almost
perfect agreement. Cortical thickness of the temporal pole,
entorhinal, lateral orbitofrontal, pars orbitalis, inferior temporal,
pericalcarine, and the fusiform cortex showed particularly low

FIGURE 1: Representative labels created from automated parcellation of brain regions using (a) FreeSurfer and (b) FIRST. Results of
segmentation are overlaid on synthetic T1-weighted images.
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ICC. Supplementary Table 1 shows the ICCs for 3D-QALAS
and FSPGR-derived cortical volume. The mean ICC across all
regions was 86%, and 97% of the structures showed substantial
to almost perfect agreement. Cortical thickness of the temporal
pole showed particularly low ICC.

SCAN–RESCAN REPEATABILITY OF 3D-QALAS SEQUENCE-
DERIVED CORTICAL THICKNESS AND VOLUME. In Fig. 4a,
regional percent relative differences between scan and rescan of
3D-QALAS-derived cortical thicknesses are overlaid on an
inflated brain. Figure 4b shows the boxplots for percent relative
differences. Relative percent difference in thickness of the whole
cortex was 2.3%, and 97% of the regional cortical thickness
showed less than 10% relative difference. Cortical thickness of the
temporal pole showed relatively low agreement. Table 1 shows
ICCs and wCV for scan–rescan cortical thickness. The mean ICC
across all regions was 0.73, and 80% of the structures showed sub-
stantial to almost perfect agreement. Temporal pole, entorhinal,
pars orbitalis, inferior temporal, and the orbitofrontal cortical
thickness showed particularly low ICC and/or wCV. Supplemen-
tary Table 1 shows ICCs and wCV for scan–rescan cortical vol-
ume. The mean ICC across all regions was 87%, and 94% of the
structures showed substantial to almost perfect agreement. Tem-
poral pole and entorhinal cortical volumes showed particularly
low ICC and wCV. The 3D-QALAS sequence-derived cortical
volume of each region is listed in Supplementary Table 2.

Volumetry of Subcortical Structures

REPRODUCIBILITY OF 3D-QALAS SEQUENCE-DERIVED
SUBCORTICAL STRUCTURAL VOLUMES: COMPARISON
WITH CONVENTIONAL FSPGR. Figure 5a shows the percent
relative differences between 3D-QALAS and FSPGR-derived
measurements in subcortical gray matter structural volumes. The
median percent relative differences were lower than 10% across

all subcortical structures, except for the accumbens area. ICC for
3D-QALAS and FSPGR-derived measurements are shown in
Table 2. All structures showed substantial or almost perfect agree-
ment. Supplementary Table 3 shows the ICCs for 3D-QALAS
and FSPGR-derived white matter volume. All structures except
subcortical white matter of the temporal pole showed substantial
or almost perfect agreement.

SCAN–RESCAN REPEATABILITY OF 3D-QALAS SEQUENCE-
DERIVED SUBCORTICAL STRUCTURAL VOLUMES. Figure 5b
shows the percent relative difference between scan and rescan
of 3D-QALAS-derived measurements in subcortical gray mat-
ter structural volumes. Percent relative differences were less
than 10% across all subcortical structures, except for the
accumbens area. ICC and wCV for 3D-QALAS and FSPGR-
derived measurements are shown in Table 2. All structures
showed substantial to almost perfect agreement. The wCVs
were lower than 10% across all subcortical structures, except
for the accumbens area. Supplementary Table 3 shows the
ICCs and wCV for scan–rescan white matter volume. All
structures except subcortical white matter of entorhinal and
frontal pole showed substantial or almost perfect agreement.
The 3D-QALAS sequence-derived volume of each subcortical
structure is listed in Supplementary Table 4.

Discussion
In this study, 3D synthetic T1-weighted images showed good
agreement with the FSPGR 1.0 mm isotropic images in mea-
suring regional cortical thickness and subcortical volumes in
most of the brain regions. High repeatability of the 3D syn-
thetic MRI-derived brain measurements was demonstrated in
the scan–rescan test.

The 3D isotropic acquisition of 3D-QALAS allows high
resolution multiplanar reconstruction, without additional scans
from different directions. This capability not only provides the
advantage in visual assessment and delineation of lesions, but also
enables to accurately segment regional structures. With the quan-
tification of T1, T2, and PD in these regional structures, 3D-
QALAS may enable detecting and describing changes within
regional structures, which could be obscured when averaging
values over gross anatomic regions. Hence, 3D-QALAS has a
potential to provide thorough and comprehensive characteriza-
tion of brain lesions as well as the entire brain.

Cortical thickness derived from 3D synthetic T1-weighted
and FSPGR images showed a percent relative difference of 3.1%
in the whole cortex, and 89% of the regional areas showed less
than 10% relative difference in cortical thickness. Although high
agreements were shown in the majority of the brain regions, low
agreements were found in cortical thickness of temporal pole,
inferior temporal, pericalcarine, and fusiform, as shown by their
median percent relative differences of more than 10%. This obser-
vation is consistent with previous studies using FreeSurfer that
reported a negative relationship between cortical volume/surface

FIGURE 2: Histograms of cortical thicknesses derived from 3D-
QALAS scan–rescan and FSPGR in all subjects measured using
FreeSurfer.
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area and relative error of measured cortical thickness,23,27 which
can explain low agreement in the small structures in the current
study. It has also been reported that the boundaries of the tempo-
ral pole and occipital lobe were not defined precisely using
FreeSurfer,28 which may explain the low agreement in thickness
of the temporal pole and pericalcarine.

Another possibility of the low agreements in lower parts
of the brain structure is the effects of B0 inhomogeneities due
to susceptibility differences between bone and air, which
could cause fitting errors upon quantifying T1, T2, and PD,
and affect the subsequent synthetic T1-weighted images.29

The cortical thickness derived from scan–rescan of 3D syn-
thetic T1-weighted images showed less than a 10% relative per-
cent difference across all regions except the thickness of the
temporal pole. A previous study that included a large collection of
cortical thickness data based on scan–rescan of conventional 3D
magnetization prepared rapid acquisition with gradient echo
(MPRAGE) images showed overall percent relative differences of
2.5–2.8% using FreeSurfer.27 The median percent relative differ-
ences of 3D synthetic T1-weighted image-derived cortical thick-
ness in our study was 2.9%, which is comparable to the
repeatability achieved when using conventional 3D T1-weighted
images.

Subcortical volumes derived from 3D synthetic T1-weighted
and FSPGR images showed a percent relative difference lower than
10% across all structures except the nucleus accumbens, and the
scan–rescan test of 3D synthetic T1-weighted images showed a
percent relative difference lower than 10% across all subcortical
structures. Segmentation of the accumbens and amygdala showed
relatively low agreement both in scan–rescan and comparison with
FSPGR in this study, which is consistent with previous studies
reporting that segmentation of these area was generally unreliable
compared with other subcortical regions.30,31 One factor that may
have contributed to this lower reliability in measurements is that
they are the smallest subcortical structures. Morey et al31 reported
that the percent relative difference of the accumbens and amygdala
volumes, calculated from scan–rescan of 3D T1-weighted images
with 1.0 mm isotropic voxel based on FIRST analysis, were both
higher than 10%. Taken together, 3D synthetic T1-weighted
imaging-based subcortical volume measurement can be assumed
to be as reliable as conventional 3D T1-weighted imaging-based
measurement.

Although the in-plane resolution of 1.0 mm used in this
study is low compared with that of commonly used 2D
sequences, high spatial resolution in the slice-select direction
enables reliable detection and reproducible measurements

FIGURE 3: Percent relative difference in cortical thickness for 3D-QALAS and FSPGR measured using FreeSurfer. Regional percent
relative difference is overlaid on an inflated brain surface (a). Median values and interquartile ranges are shown in boxplots (b).
Whiskers are set at minimum and maximum, and the horizontal line marks the median. Boxes indicate the interquartile range
(25–75%). Dots at the end of the boxplot represent outliers.
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TABLE 1. Intraclass Correlation Coefficients and Within-Subject Coefficients of Variation Between 3D-QALAS and
FSPGR, and Scan–Rescan of 3D-QALAS for Cortical Thicknesses Measured Using FreeSurfer

FSPGR Rescan

Measurement ICC wCV (%) ICC

Thickness

Mean thickness 0.79 2.1 0.81

Caudal anterior cingulate 0.75 3.9 0.73

Caudal middle frontal 0.84 2.3 0.86

Cuneus 0.63 3.5 0.75

Entorhinal 0.28 9.4 0.50

Frontal ploe 0.65 8.0 0.59

Fusiform 0.44 3.2 0.68

Inferior parietal 0.73 3.0 0.79

Inferior temporal 0.47 5.0 0.36

Insula 0.66 3.9 0.65

Isthmus cingulate 0.79 3.9 0.83

Lateral occipital 0.61 2.8 0.78

Lateral orbitofrontal 0.38 6.1 0.52

Lingual 0.62 3.0 0.72

Medial orbitofrontal 0.51 4.9 0.58

Middle temporal 0.75 4.1 0.66

Parahippocampal 0.86 3.4 0.90

Paracentral 0.77 3.8 0.75

Pars opercularis 0.79 2.2 0.87

Pars orbitalis 0.38 9.7 0.43

Pars triangularis 0.76 3.5 0.80

Pericalcarine 0.49 5.5 0.68

Postcentral 0.87 2.5 0.86

Posterior cingulate 0.71 3.1 0.81

Precentral 0.70 2.3 0.77

Precuneus 0.78 1.7 0.91

Rosterior anterior cingulate 0.63 4.8 0.69

Rostral middle frontal 0.55 3.1 0.75

Superior frontal 0.80 1.9 0.87

Superior parietal 0.78 1.9 0.90

Superior temporal 0.80 2.9 0.78

Supramarginal 0.84 2.8 0.81

Temporal pole 0.00 12.3 0.48

Transverse temporal 0.62 5.0 0.70
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among various slice positions and alignments. In fact, previ-
ous studies have shown that 3D imaging could be superior in
detecting multiple sclerosis lesions and brain metastases than
2D imaging, even with lower in-plane resolutions.32,33

We used T1-weighted images only with fixed TR and TE
for segmentation in this study. Using multichannel inputs
(eg, T1, T2, and PD maps), obtained from a single 3D-QALAS
sequence scan, could improve the accuracy of current segmenta-
tion algorithms that rely heavily on T1-weighted image contrasts,

without elongating scanning times. Furthermore, even with only
T1-weighting, combining T1-weighted images with different
parameters might improve the overall segmentation, since
T1-weighted images with fixed TR and TE may not be optimal
for all brain structures. An additional advantage of synthetic MRI
based on relaxation parameters is that the effects of B1 inhomoge-
neities and coil sensitivity profiles on the T1-weighted images are
removed.34 This is expected to provide a more stable result in vol-
umetric analysis.

FIGURE 4: Percent relative difference in cortical thickness for 3D-QALAS scan–rescan, measured using FreeSurfer. Regional percent
relative difference is overlaid on an inflated brain surface (a). Median values and interquartile ranges are shown in boxplots (b).
Whiskers are set at minimum and maximum, and the horizontal line marks the median. Boxes indicate the interquartile range
(25–75%). Dots at the end of the boxplot represent outliers.

FIGURE 5: Percent relative difference of subcortical volumes measured using FIRST. (a) and (b) show comparisons between
3D-QALAS and FSPGR, and scan–rescan of 3D-QALAS, respectively. Whiskers are set at minimum and maximum, and the horizontal
line marks the median. Boxes indicate the interquartile range (25–75%). Dots at the end of the boxplot represent outliers.
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Absolute quantification of tissue properties using rel-
axometry has been previously reported to be useful for the charac-
terization of disease, assessment of disease activity, and monitoring
of treatment.35,36 With accurate volumetric segmentation, 3D
synthetic MRI could provide quantitative values of each brain sub-
structure based on a single scan, which could allow for a more
quantitative understanding of the brain.

The current study has several limitations. First, we only
used a single 3T scanner, hence our results cannot be generalized
to scanners with different field strengths. Previous studies have
revealed certain biases between 1.5T and 3T for cortical thickness
analysis and brain volumetry performed on FreeSurfer using 3D
T1-weighted images.37,38 Further research is needed to determine
whether cortical thickness analysis and subcortical brain vol-
umetry based on 3D-QALAS differ between different field
strengths. Second, we used FSPGR as a standard reference, not
with ground truth postmortem values. Although the ground truth
for cortical thickness and subcortical volumes were not available,
our results showed agreement with previous studies that com-
pared FreeSurfer-derived measurements with postmortem values.
Third, the scanning time in this study was relatively long for
a routine clinical scan, making it difficult to use in clinical
settings. Combining techniques such as compressed sensing39

andmultiband imaging40may further reduce scan times to a clini-
cally applicable level. Fourth, only healthy volunteers were
enrolled in this study. Although our goal in this study was not to
compare patients and volunteers, future studies focusing on
patients using 3D-QALAS are desired.

In conclusion, the current study may support the use of 3D
quantitative synthetic MRI for reliably measuring cortical thick-
ness and subcortical volumes in human brain, with the exceptions

of the nucleus accumbens, and thickness of temporal pole,
entorhinal, inferior temporal, pericalcarine, and the fusiform.
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