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Linearity, Bias, Intrascanner Repeatability, and Interscanner
Reproducibility of Quantitative Multidynamic Multiecho
Sequence for Rapid Simultaneous Relaxometry at 3 T

A Validation Study With a Standardized Phantom and Healthy Controls
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Objectives: The aim of this study was to evaluate the linearity, bias, intrascanner
repeatability, and interscanner reproducibility of quantitative values derived from
a multidynamic multiecho (MDME) sequence for rapid simultaneous relaxometry.
Materials andMethods: The NIST/ISMRM (National Institute of Standards and
Technology/International Society for Magnetic Resonance in Medicine) phantom,
containing sphereswith standardized T1 and T2 relaxation times and proton density
(PD), and 10 healthy volunteers, were scanned 10 times on different days and
2 times during the same session, using theMDME sequence, on three 3 T scanners
from different vendors. For healthy volunteers, brain volumetry andmyelin estima-
tion were performed based on the measured T1, T2, and PD. The measured phan-
tom values were compared with reference values; volunteer values were compared
with their averages across 3 scanners.
Results: The linearity of both phantom and volunteer measurements in T1, T2, and
PD values was very strong (R2 = 0.973–1.000, 0.979–1.000, and 0.982–0.999, re-
spectively) The highest intrascanner coefficients of variation (CVs) for T1, T2, and
PD were 2.07%, 7.60%, and 12.86% for phantom data, and 1.33%, 0.89%, and
0.77% for volunteer data, respectively. The highest interscanner CVs of T1, T2,
and PD were 10.86%, 15.27%, and 9.95% for phantom data, and 3.15%, 5.76%,
and 3.21% for volunteer data, respectively. Variation of T1 and T2 tended to be
larger at higher values outside the range of those typically observed in brain tissue.

The highest intrascanner and interscanner CVs for brain tissue volumetry were
2.50% and 5.74%, respectively, for cerebrospinal fluid.
Conclusions: Quantitative values derived from the MDME sequence are overall
robust for brain relaxometry and volumetry on 3 T scanners from different ven-
dors. Caution is warranted when applying MDME sequence on anatomies with
relaxometry values outside the range of those typically observed in brain tissue.

Key Words: SyMRI, synthetic MRI, quantitative MRI, brain, relaxometry,
automatic brain segmentation, myelin estimation

(Invest Radiol 2018;54: 39–47)

I n clinical practice, T1-, T2-, and fluid-attenuated inversion recovery,
and other contrast-weighted magnetic resonance imaging (MRI)

scans are assessed on the basis of relative signal differences. The signal
intensity depends on sequence parameters and scanner settings, but also
on B0 and B1 inhomogeneity, coil sensitivity profiles, and RF amplifica-
tion settings,making quantitative comparisons difficult. Tissue relaxometry
is a more direct approach to obtaining scanner-independent values. Ab-
solute quantification of tissue properties by relaxometry has been re-
ported in research settings for characterization of disease,1 assessment
of disease activity,2 and monitoring of treatment effect.3 A number of
methods have been proposed for simultaneous relaxometry of T1 and
T2,4–7 but due to the additional scanning time required, these methods
had not been widely introduced into clinical practice.

Recently, a multidynamic multiecho (MDME) sequence for rapid
simultaneous measurement of T1 and T2 relaxation times and proton
density (PD), with correction of B1 field inhomogeneity, was proposed
for full head coverage within approximately 6 minutes,8 and has shown
promising results on 1.5 T and 3 T scanners in healthy subjects9 and pa-
tients with multiple sclerosis (MS),10 brain metastases,11 Sturge-Weber
syndrome,12 and bacterial meningitis.13 These quantitative values allow
postacquisition generation of any contrast-weighted image via synthetic
MRI, obviating the need for additional conventional T1-weighted and
T2-weighted imaging required in routine clinical settings.14 The acquired
maps are inherently aligned, thus avoiding potential errors due to image
coregistration for multiparametric quantification of a certain area. In ad-
dition, brain tissue volumes,15 including myelin,16 can be automatically
calculated and potentially used to assess brain tissue loss associated with
normal aging, neuroinflammatory, or neurodegenerative diseases.17,18

Myelin estimation based on theMDME sequence has shown high repeat-
ability19 and good correlation with histological measures in postmortem
human brain20 and with other myelin estimation methods.21

According to the Quantitative Imaging Biomarkers Alliance of
the Radiological Society of North America, 3 metrology criteria are critical
to the performance of a quantitative imaging biomarker: accuracy (linearity
and bias), repeatability, and reproducibility.22 Previous studies evaluated
T1, T2, and PD values acquired with the MDME sequence on a 1.5 T
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scanner, by assessing accuracy,23,24 repeatability,24 and reproducibil-
ity using different head coils.24 However, to our knowledge, no
study has compared quantitative values acquired with the MDME
sequence on different scanners.

The aim of this study was to evaluate linearity, bias, intrascanner
repeatability, and interscanner reproducibility of quantitative values de-
rived from the MDME sequence using three 3 T scanners all from dif-
ferent vendors. In addition, we investigated the robustness of brain
tissue volume measurements made using the MDME sequence.

MATERIALS AND METHODS

MR Acquisition and Postprocessing
TheMDME sequence was performed on GE Healthcare (Discov-

ery 750w, Milwaukee, WI), Siemens Healthcare (MAGNETOM Prisma,
Erlangen, Germany), and Philips (Ingenia, Best, the Netherlands)
3 T scanners (scanner α, β, and γ, respectively). This sequence is a mul-
tislice, multisaturation delay, multiecho, fast spin-echo sequence, using
combinations of 2 echo times and 4 delay times to produce 8 complex
images per slice. To retrieve T1, T2, and PD maps while accounting for
B1 inhomogeneity, a least square fit was performed on the signal inten-
sity (I) of these images by minimizing the following equation:

I ¼ A:PD: exp −TE=T2ð Þ 1− 1− cos B1θð Þf g exp −TI=T1ð Þ− cos B1θð Þ exp −TR=T1ð Þ
1− cos B1αð Þ cos B1θð Þ exp −TR=T1ð Þ

where α is the applied excitation flip angle 90 degrees and θ is the sat-
uration flip angle of 120 degrees. A is an overall intensity scaling factor
that takes into account several elements, including sensitivity of the
coil, amplification of the radiofrequency chain, and voxel volume.
The details of the sequence composition and postprocessing are de-
scribed elsewhere.23 The postprocessing was performed using SyMRI
software (version 8.0; SyntheticMRAB, Linköping, Sweden), resulting
in T1, T2, and PD maps. The characteristics of the 3 scanners and
the detailed acquisition parameters of the MDME sequence are shown
in Supplementary Table 1 and Supplementary Table 2 (both in Supple-
mental Digital Content 1, http://links.lww.com/RLI/A400) for phan-
tom and volunteer studies, respectively. We used the predetermined
parameters provided by each vendor without any change. For volun-
teers, 3-dimensional (3D) T1-weighted images were also acquired
on scanner α. The acquisition parameters of the 3D T1-weighted
inversion-recovery spoiled gradient echo images were as follows: repe-
tition time, 7.6 milliseconds; echo time, 3.09 milliseconds; inversion
time, 400 milliseconds; bandwidth, 244 Hz/pixel; thickness, 1 mm;
field of view, 256$ 256 mm; matrix size, 256$ 256; acquisition time,
5 minutes 45 seconds.

Phantom Study
The NIST/ISMRM (National Institute of Standards and

Technology/International Society for Magnetic Resonance in Medicine)
MRI system phantom (High Precision Devices, Inc, Boulder, CO),
consisting of multiple layers of sphere arrays with known T1, T2, and
PD values, was used. Reference values, confirmed by magnetic reso-
nance spectroscopy, were provided by NIST.25,26 The T1 and T2
spheres were filled with NiCl2 and MnCl2 solutions, respectively.
We selected 6 T1 spheres and 10 T2 spheres with T1 and T2 values
within the clinically relevant dynamic range (300–4300 milliseconds
and 20–2000 milliseconds, respectively). All 14 PD spheres from the
phantom were used in the study. The PD spheres consisted of different
concentrations of water (H2O) and heavy water (D2O). The container of
the phantomwas filled with distilled water. The reference values for T1,
T2, and PD at 20°C are shown in Supplementary Table 3 (Supplemental
Digital Content 1, http://links.lww.com/RLI/A400).

The phantom was scanned 10 times each on scanners α, β, and
γ over a 2-month period, with an interval of at least 1 day between con-
secutive scans. The phantom was placed for 30 minutes before each
scan. The temperature of the phantom was 20°C ± 1°C, measured after
each scan.

A circular region of interest of 1.150 cm2 was placed in the cen-
ter of each sphere on T1, T2, and PD maps using OsiriX Imaging Soft-
ware, Version 7.5 (http://www.osirix-viewer.com), to include as much
of the sphere as possible while avoiding partial volume with the edge.
Regions of interest on all the spheres were simultaneously copied and
pasted on the data acquired at different times, and the mean values
were recorded.

Volunteer Study
This study was approved by the institutional review boards, and

written informed consent was acquired from all participants. Ten healthy
volunteers (3 men; mean age, 24.7 years; age range, 21–32 years)
were included. None of the participants had a history of a major medical
condition, neurological or psychiatric disorder, and all had normal
structural MRIs.

Each participant was scanned twice during each session on scan-
ners α, β, and γ (in that order) over a 1-week period, with sessions at
least 1 day apart. The subjects were removed from the scanner after
the first scan and repositioned for the second scan.

T1, T2, and PDmaps were acquired for all participants and proc-
essed using SyMRI software8 to obtain gray matter (GM), white matter
(WM), and cerebrospinal fluid (CSF) segmentation, volumetry of brain
tissues, and myelin estimation. Tissue volume fractions were calculated
for each voxel. Voxels not categorized as GM, WM, or CSF were clas-
sified as other brain material (NoN). Myelin volume fraction (MVF) in

FIGURE 1. Example of volume of interest measurement. Volumes of interest are overlaid on T1-weighed images.
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each voxelwas estimated based on a 4-compartment model,16 using T1,
T2, and PD values of myelin, excess parenchymal water, cellular water,
and free water partial volumes. The 4-compartment model assumes that
the relaxation behavior of each compartment contributes to the effective
relaxation behavior of each voxel, while considering the magnetization
exchange rates between partial volume compartments. The details of
brain segmentation and myelin estimation are described elsewhere.15,16

The total volumes of GM, WM, CSF, NoN, and myelin (MYV) were
calculated by multiplying the aggregated volume fraction of each tissue
type and the voxel volume.15,16 The brain parenchymal volume (BPV)
was calculated as the sum of GM,WM, and NoN. The borderline of in-
tracranial volume (ICV) was defined at points where PD = 50%.27

T1, T2, PD, and MVF maps were used for the volume of interest
(VOI) analysis. We created 16 VOIs: 8 GM (frontal, parietal, temporal
and occipital GM, insula, caudate, putamen, and thalamus) and 8 WM
(frontal, parietal, temporal and occipital WM, genu and splenium of
corpus callosum, internal capsules, and middle cerebellar peduncles)
VOIs in the Montreal Neurological Institute space. Other than those of
splenium, VOIs from the left and right were combined for analysis.
Aggregate GM and WM VOIs were also created by combining these re-
gional VOIs. Volume of interest analysis was performed using FMRIB
Software Library (FSL, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). We
transformed VOIs created in the Montreal Neurological Institute space
to the space of each subject using the FSL linear and nonlinear image reg-
istration tool (FLIRT and FNIRT), based on the synthetic T1-weighted
(TR, 500; TE, 10) and 3DT1-weighted images. The GM andWMmasks
were generated from the synthetic T1-weighted images using FMRIB’s
Automated Segmentation Tool (FAST). These masks were then
thresholded at 0.9 and used on the T1, T2, PD, and MVF maps to com-
pute average values within the GM andWM. Figure 1 shows an example
of VOI measurements.

Statistical Analysis
Ten measurements of the spheres in the phantom were averaged

for each of the 3 scanners. Linear regression was performed for these
values versus the reference values. Bland-Altman analysis was per-
formed to assess agreement between the reference values and those
acquired on each scanner. Linear regression was also performed for
the values from the first scans of volunteers on scanners α, β, and γ ver-
sus the average values obtained from these scanners.

Coefficients of variation (CVs) were calculated within each
scanner (intrascanner CV) and across scanners (interscanner CV). For
the phantom study, the intrascanner CV was calculated based on the

10 scans. The interscanner CV was calculated using the average values
from each of the 3 scanners. For the volunteer study, the intrascanner
CVswere calculated per subject (based on the scan and rescan) and then
averaged across subjects. Interscanner CVs were calculated for each
subject using the data of the first scan, then averaged into a single
interscanner CV value.

RESULTS

Phantom Study
The temperature of the phantom after imaging was 19.76°C ±

0.23°C (mean ± SD) on scanner α, 20.06°C ± 0.59°C on scanner β,
and 19.57°C ± 0.28°C on scanner γ.

Figure 2 shows mean values of T1, T2, and PD acquired over
10 times on each scanner plotted against the known reference values. The
regression analysis showed strong linear correlation (R2 = 0.973–0.998
for T1; R2 = 0.989–1.000 for T2; R2 = 0.982–0.991 for PD).

Figure 3 shows Bland-Altman plots for the values acquired on
each scanner and the reference values of the phantom. Overall, trends
of biases for T1, T2, and PD showed similar patterns across different
vendors. All data points were within the 95% limits of agreement,
except the longest T1 value (reference value, 1838 milliseconds) on
scanner α, the longest T2 value (reference value, 645.8 milliseconds)
on all scanners, 1 PD point (reference value, 60%) for scanner α, and
the highest PD value (reference value, 100%) for scanner β. Higher
T1 and T2 values outside the range of those observed in the brain tissue
(see Supplementary Table 4, Supplemental Digital Content 1, http://
links.lww.com/RLI/A400) showed greater bias. On the other hand, PD
values less than 60% (reference value), which were outside the range
of values observed in the brain tissue, showed smaller bias than higher
PD values, except PD 5% (reference value), which wasmeasured as 0%
on all 3 scanners.

Table 1 shows the intrascanner and interscanner CVof phantom
T1, T2, and PD measurements. The highest intrascanner CV of T1
values was 2.07% (scanner β). Intrascanner CVs of T2 values were less
than 4.25% on scanners α and β, and less than 7.60% on scanner γ;
those of PD values were less than 3.71%, except the CV for a PD refer-
ence value of 10%, which was 12.86% on scanner α, and for a PD ref-
erence value of 100%, which was 5.13% on scanner β.

The interscanner CV was higher than intrascanner CV for all
ranges of T1 (3.25%–10.86%), T2 (4.28%–15.27%), and PD
(1.35%–9.95%) values, except PD 10% (reference value). Within the
range of brain tissue properties (see Supplementary Table 4,
Supplemental Digital Content 1, http://links.lww.com/RLI/A400),

FIGURE 2. Scatterplots showing linearity of measured T1 (A), T2 (B), and proton density (C) values of the NIST/ISMRM phantom averaged across
10 acquisitions, plotted against reference values. Error bars represent one standard deviation. Dashed lines represent linear regression fits (red for
scanner α, green for scanner β, and blue for scanner γ), whereas the solid lines represent identity.
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TABLE 1. Mean Values of All Measurements and Their Intrascanner and Interscanner CV on the NIST/ISMRM Phantom for T1, T2, and PD

T1 Scanner α Scanner β Scanner γ T2 Scanner α Scanner β Scanner γ

Sphere
No.

Mean ± SD,
ms

Intrascanner
CV, %

Intrascanner
CV, %

Intrascanner
CV, %

Interscanner
CV, %

Mean ± SD,
ms

Intrascanner
CV, %

Intrascanner
CV, %

Intrascanner
CV, %

Interscanner
CV, %

1 376 ± 40.9 0.96 1.01 0.50 10.86 22.7 ± 3.25 1.26 1.18 7.60 14.28
2 506 ± 31.8 0.98 2.07 0.77 6.29 32.9 ± 3.77 1.05 0.91 5.90 11.44
3 682 ± 22.4 0.70 1.16 1.14 3.28 45.9 ± 3.25 1.05 0.95 5.27 7.09
4 930 ± 30.2 0.71 0.97 0.67 3.25 63.7 ± 2.87 1.02 0.85 4.71 4.51
5 1324 ± 49.6 1.02 1.33 0.73 3.77 89.4 ± 3.83 1.38 0.90 4.48 4.28
6 1897 ± 138 1.21 1.31 0.92 7.27 127 ± 5.81 1.69 0.90 3.71 4.59
7 171 ± 12.0 1.87 1.14 1.76 7.05
8 251 ± 21.4 2.79 1.21 4.01 8.53
9 350 ± 41.2 2.99 1.69 4.45 11.79
10 505 ± 77.0 4.25 2.45 4.64 15.27
11
12
13
14

For PD value 5% (reference value), measurement yielded 0% on all scanners, so CV was not calculated.
CV indicates coefficient of variation; PD, proton density; SD, standard deviation.

FIGURE 3. Bland-Altman plots showing bias of measurements of T1 (A, for scanner α; B, for scanner β; and C, for scanner γ), T2 (D, for scanner α; E, for
scanner β; and F, for scanner γ), and proton density (G, for scanner α; H, for scanner β; and I, for scanner γ) for the NIST/ISMRM phantom.
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PD Scanner α Scanner β Scanner γ

Mean ± SD, %
Intrascanner

CV, %
Intrascanner

CV, %
Intrascanner

CV, %
Interscanner

CV, %

0 N/A N/A N/A N/A
10.0 ± 1.00 12.86 2.38 1.37 9.95
15.9 ± 0.21 1.24 1.05 0.66 1.35
21.2 ± 0.60 1.09 1.03 0.86 2.83
25.8 ± 0.45 1.84 1.41 1.05 1.75
29.2 ± 1.10 1.68 0.40 1.52 3.76
34.5 ± 0.89 1.49 1.45 1.11 2.59
39.6 ± 0.56 1.31 1.37 1.32 1.42
52.7 ± 4.27 1.06 1.11 3.71 8.11
69.4 ± 1.26 0.76 3.50 1.11 1.82
78.3 ± 2.31 0.62 1.36 2.72 2.95
87.4 ± 2.36 1.23 0.73 2.56 2.70
94.3 ± 3.83 0.73 1.20 2.59 4.06
98.7 ± 6.26 0.98 5.13 1.73 6.35

FIGURE 4. Scatterplots showing linearity of measured T1 (A), T2 (B), proton density (C), and myelin volume fraction (D) values of the brains of healthy
volunteers, plotted against averaged values across all 3 scanners. Only the data of the first acquisition was used. Dashed lines represent linear regression
fits (red for scanner α, green for scanner β, and blue for scanner γ), whereas the solid lines represent identity.
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interscanner CVs of T1 (645–1280 milliseconds) were less than
6.3%, interscanner CVof T2 (61.9–79.6 milliseconds) was 4.51%
and interscanner CVs of PD (58.9–84.8 milliseconds) were less
than 3.0%.

Volunteer Study
Figure 4 shows T1, T2, PD, and MVF values for the first acqui-

sition on each scanner plotted against the mean of the 3 scanners. The
regression analysis showed strong linear correlation (R2 = 0.999–1.000
for T1; R2 = 0.979–0.993 for T2; R2 = 0.999–0.999 for PD; R2 =
0.999–0.999 for MVF).

Supplementary Table 4 (Supplemental Digital Content 1, http://
links.lww.com/RLI/A400) shows the intrascanner and interscanner
CVs of T1, T2, PD, and MVF, and the values for aggregate GM and
WMVOIs are extracted and shown in Table 2. The highest intrascanner
CVs of T1, T2, PD, and MVF were 1.33%, 0.89%, 0.77%, and 4.56%,
respectively, across all VOIs. The interscanner CV was higher than the
intrascanner CV for all ranges of T1, T2, PD, andMVF (1.06%–3.15%,
3.61%–5.76%, 0.68%–3.21%, and 2.53%–14.6%, respectively).

Figure 5 shows volumetric data (GM,WM, CSF, NoN, BPV, ICV,
MYV) for the first acquisition on each scanner plotted against the mean
of the 3 scanners. The regression analysis showed strong linear correla-
tion for GM, WM, CSF, BPV, ICV, and MYV (R2 = 0.966–0.999).
NoN showed a weaker linear correlation (R2 = 0.791–0.856).

Table 3 shows the intrascanner and interscanner CVs of volumet-
ric data from the 3 scanners. The intrascanner CVs were 0.11% to
1.17% for GM, WM, BPV, ICV, and MYV, 0.16 to 2.50% for CSF,
and 3.43% to 10.8% for NoN. The interscanner CVs were in the range
0.42% to 5.74% for all measures except NoN (16.3%), and thus higher
than the corresponding intrascanner CVs for all tissue volumes.

DISCUSSION
In this study, we evaluated linearity, bias, intrascanner repeatabil-

ity, and interscanner reproducibility of multiple quantitative values ac-
quired by the MDME sequence, with 3 scanners from different
vendors, in both standardized NIST/ISMRM phantom and 10 healthy
volunteers. Although the phantom study showed some bias with respect
to the reference values, linearity was very strong in all the measure-
ments, indicating that the MDME sequence can differentiate materials
with different tissue properties. Trends of biases for T1, T2, and PD
shown as Bland-Altman plots were similar in the 3 scanners, which
could also demonstrate the robustness of the MDME sequence even
across different vendors.

The T1, T2, and PD values acquired in vivo in our study fell in the
same order of magnitude as those reported in previous studies using 3 T
scanners,6,28–31 which reported awide range of T1 and T2 values (eg, T1
600–1100 milliseconds, T2 50–80 milliseconds, and 67%–73% in the

WM) for healthy controls, largely depending on the choice of acquisition
method. To date, only a few studies have investigated interscanner repro-
ducibility of specificMR relaxometrymethods for human subjects across
different vendors. Bauer et al32 demonstrated that T2 values quantified
with dual echo fast spin-echo on scanners from 3 different vendors
showed variability up to 20%, and Deoni et al33 validated driven equilib-
rium single pulse observation of T1 and T2 with interscanner CVs of ap-
proximately 6.5% and 8% for scanners from 2 different vendors. The
results of our volunteer study (T1, highest CV 3.15%; T2, highest CV
5.60%) were comparable or better, even with different acquisition param-
eters and coils across scanners to reflect daily radiological practice.

The intrascanner and interscanner CVs in our study were lower
than the changes in T1 and PD values of normal-appearing brain tissue
in patients withMS34,35 and in the T2 values of the limbic system in pa-
tients with Alzheimer disease.36 Our results suggest that MDME se-
quence could thus be of clinical value in multicenter and longitudinal
studies, taking disease-specific within-group variation into account.37

The intrascanner CVs of T1, T2, and PDmeasurements in volun-
teer data were very low (less than 1.4%) and lower than those in phan-
tom data. However, the variation in phantom data acquired over 10 days
could be partly explained by day-to-day variation in scanner perfor-
mance, whereas the volunteers were scanned twice in the same session
on the same day. In addition, the size of the region of interest used in
phantom study was much smaller than those of the VOIs used in volun-
teer study. Thus, we cannot simply compare the results of the volunteers
and the phantom studies. Notably, interscanner CVs of T1 and T2
values in phantom data outside the range of the volunteer data were
mostly higher than those of T1 and T2 values within the volunteer data
range. These results could be attributed to the fact that the MDME se-
quence was developed for the analysis of the brain tissue, and the com-
mercial version of the MDME sequence may not have been fully
optimized for materials with different relaxation properties.

The T2measurements showed larger interscanner CV than those
of T1. Every vendor uses their own RF pulse shapes and specific ab-
sorption rate reduction models to decrease the 180-degree refocusing
pulses during the TSE readout. This could also explain the differences
in the intrascanner CVs of the T2 measurements across scanners, with
scanner γ showing higher values than scanners α and β. Moreover, the
B1 inhomogeneity profiles differ per scanner and even per object, and
imperfect gradient refocusing due to eddy currents may decrease signal
intensity. These factors affect the signal amplitude during the multiecho
readout, potentially resulting in an apparently altered T2 relaxation. In
the postprocessing, RF pulse shape, B1 amplitude, and B1 inhomoge-
neity are taken into account and corrected for, but this may not be per-
fect. It should be noted that long T2 times were mainly affected, beyond
the typical T2 values of brain tissue, suggesting that T2measurement of
CSFwould be less reliable. To improve the interscanner CVof T2, more
echoes than the current 2 could potentially be added to the sequence,

TABLE 2. Mean Values in theGMandWMBased on the First Scan on 3 Scanners and Intrascanner and Interscanner CV of T1, T2, PD, andMVF for
3 Scanners Averaged Across 10 Subjects

T1 Scanner α Scanner β Scanner γ T2 Scanner α Scanner β Scanner γ

VOI Mean, ms
Intrascanner

CV, %
Intrascanner

CV, %
Intrascanner

CV, %
Interscanner

CV, %
Mean ±
SD, ms

Intrascanner
CV, %

Intrascanner
CV, %

Intrascanner
CV, %

Interscanner
CV, %

Aggregate
GM VOIs

1062 ± 23.3 0.51 ± 0.57 0.30 ± 0.24 0.43 ± 0.31 1.33 ± 0.54 73.3 ± 2.80 0.57 ± 0.43 0.20 ± 0.11 0.60 ± 0.64 4.15 ± 0.36

Aggregate
WM VOIs

725 ± 21.8 0.67 ± 0.62 0.38 ± 0.23 0.52 ± 0.53 1.89 ± 0.62 69.0 ± 2.94 0.52 ± 0.40 0.26 ± 0.12 0.37 ± 0.29 4.63 ± 0.31

Values are mean ± SD. Size of the VOIs are also shown in the last column.
CV indicates coefficient of variation; GM, gray matter; PD, proton density; SD, standard deviation; VOI, volume of interest; WM, white matter.
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PD Scanner α Scanner β Scanner γ MVF Scanner α Scanner β Scanner γ

Mean ±
SD, %

Intrascanner
CV, %

Intrascanner
CV, %

Intrascanner
CV, %

Interscanner
CV, %

Mean ±
SD, %

Intrascanner
CV, %

Intrascanner
CV, %

Intrascanner
CV, %

Interscanner
CV, %

Size of
VOI, cm3

77.2 ± 1.13 0.15 ± 0.17 0.12 ± 0.09 0.12 ± 0.11 1.20 ± 0.30 16.4 ± 1.54 0.68 ± 0.60 0.63 ± 0.50 0.76 ± 0.44 5.76 ± 1.13 492 ± 41.1

63.3 ± 1.25 0.36 ± 0.32 0.22 ± 0.10 0.32 ± 0.29 1.55 ± 0.32 33.9 ± 1.91 1.11 ± 1.07 0.64 ± 0.30 0.81 ± 0.75 4.46 ± 0.82 240 ± 26.8

FIGURE 5. Scatterplots showing linearity of volumetric measurements of gray matter (A), white matter (B), cerebrospinal fluid (C), other brain materials
(D), brain parenchymal volume (E), intracranial volume (F), and myelin volume (G) of the volunteer brains, plotted against the average of the values
across all 3 scanners. Only the data of the first acquisitionwas used. Dashed lines represent linear regression fit (red for scanner α, green for scanner β, and
blue for scanner γ), whereas the solid lines represent identity.
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but this would increase the total scan time, which would be detrimental
for introduction of the sequence into clinical routine. Application of the
MDME sequence to objects other than the brain has been reported for
T2 measurement of musculoskeletal tissue.38–40 Although the MDME
and multiecho spin-echo sequence showed good agreement with each
other for T2 measurement of phantom, knee cartilage, and muscle,
mean T2 value of bone marrow measured by multiecho spin-echo
was significantly higher than that measured by the MDME sequence.38

This discrepancy was assumed to be because of the varying contribu-
tions from water and lipid protons, which resulted in multiexponential
decay.39 The quantitative values acquired by the MDME sequence
should be cautiously assessed when used to other tissues than brain.

We also observed low interscanner and intrascanner CVof tissue
volumes calculated using the T1, T2, and PD maps acquired by the
MDME sequence. The interscanner CVs of all tissue volumes were
higher than the intrascanner CVs, reflecting the higher interscanner
CVs of T1, T2, and PD measurements. Our intrascanner CVs were
comparable to those reported in previous studies using 3D T1-
weighted images acquired on 1.5 T and 3 T scanners based on various
segmentation algorithms.41–44 Further, our interscanner CVs for GM,
WM, CSF, BPV, and ICV were slightly lower than those shown by
Huppertz et al43 for a single subject using 3D T1-weighted images ac-
quired on 6 scanners with field strength of 1.5 T and 3 T. The NoN vol-
ume, which is the smallest compartment, showed the highest variability
among all types of tissue volume, consistent with previous reports.15,19,45

Granberg et al45 showed lower intrascanner CVof NoN volume in MS
patients than in healthy controls, indicating clinical utility of NoN volume
as measures of lesion load. The algorithm implemented in the SyMRI
software only uses quantitative values of each voxel for segmentation,15

and utilization of structural information, by, for example, a deep learning
approach,46 might further improve the segmentation.

The repeatability of MVF in healthy volunteer datawas high, with
the intrascanner CVs lower than 4.6%, but higher than those of T1, T2,
and PD, probably reflecting small errors in measurement of each quanti-
tative value. The interscanner reproducibility of MVF in the WM was
overall higher than that in the GM, with the highest interscanner CVs
being 6.67% and 14.60%, respectively. The intrascanner CV of MVF
in WM was slightly lower than the results reported (1.3%–2.4%) by
Nguyen et al47 for the myelin water fraction inWM. To our knowledge,
no previous study has evaluated the interscanner reproducibility of my-
elin imaging for different vendors.

There are some limitations to our study. First, we only used 3 T
scanners, hence our results cannot be generalized to scanners with dif-
ferent field strength. Second, we did not include patients with any brain
disease. A cerebral lesion would affect T1, T2, and PD values and

consequently the repeatability and reproducibility measurements.
Hagiwara et al10 showed focal MS plaques in the WM to have mean
T1 value of 1111 milliseconds, T2 value of 91.9 milliseconds, and
PD value of 78.86% using the MDME sequence on a 3 T MR scanner.
In our study using the phantom, intrascanner and interscanner CV
at these T1, T2, and PD values were at the same order of magnitude
as the range of T1, T2, and PD in the normal WM, indicating that the
MDME sequence may reliably be used in the evaluation of WM
demyelinating lesions.

In conclusion, brain quantitative values derived from theMDME
sequence at 3 T are overall robust even across different scanners. Cau-
tion is warranted when applying MDME sequence to anatomies with
different relaxation properties compared with brain tissue.
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Editorial

Synthetic  MRI  and  MR  fingerprinting  in  routine  neuroimaging
protocol:  What’s  the  next  step?

Simultaneous relaxometry techniques to map  relaxation param-
eters in tissues are attracting widespread interest owing to the
objective quantification of tissue properties and potential reduction
in the scan time. So far, synthetic MRI  and MR  fingerprinting (MRF)
are the two major simultaneous relaxometry techniques with regu-
latory approval. Synthetic MRI  maps T1 and T2 relaxation times and
proton density and synthesizes various contrast-weighted images,
including T1- and T2-weighted and fluid-attenuated inversion
recovery (FLAIR) images within a single 6-min acquisition [1–3].
MRF  is another promising approach to simultaneously quantify
tissue properties in a clinically feasible time. Instead of perform-
ing curve fitting, as in conventional relaxometry techniques, MRF
adopts a unique approach in which acquisition parameters are
simultaneously varied across repetition times to generate sig-
nal evolutions that characterize the various relaxation processes
unique to each tissue [4]. The acquired signal is pattern-matched to
a dictionary of simulated signal evolutions to acquire various quan-
titative metrics, such as T1 and T2 values. Both synthetic MRI  and
MRF show high repeatability and reproducibility of T1 and T2 val-
ues for standardized phantoms [5–7] and in vivo [6–9]. Moreover,
recent efforts have enabled high-resolution three-dimensional vol-
ume coverage of the whole brain on both synthetic MRI  [10,11] and
MRF  [12–14]. In addition, acceleration techniques, such as simul-
taneous multi-slice acquisition [15], have been implemented to
further accelerate scanning, making these relaxometry techniques
more usable in clinical settings.

In this issue of Journal of Neuroradiology,  Ryu et al. reported their
initial experience with contrast-weighted images obtained using
synthetic MRI  as a routine neuroimaging protocol in daily clinical
practice [16]. Contrary to many previous studies that used syn-
thetic MRI  in the research protocol, this study was  unique in that
it implemented synthetic MRI  as the routine protocol by replacing
some conventional sequences, such as T1 and T2-weighted images,
with synthetic MRI. Two radiologists retrospectively reviewed the
imaging data of 89 patients, rated the overall image quality and
anatomical delineation, and found that the image qualities of syn-
thetic T1- and T2-weighted images were adequate for clinical use.
FLAIR images showed pronounced artifacts but without any signif-
icant impact on the diagnosis. Further, they also evaluated images
obtained with synthetic phase-sensitive inversion recovery (PSIR),
which is a T1-weighted sequence with a greater signal intensity
range, and found that the overall image quality with anatomical
delineation of PSIR was superior to that of other synthetic images.
They concluded that synthetic MRI  can be accepted as a routine
neuroimaging protocol in the clinical practice.

Then, why have synthetic MRI  and MRF  not been widely
accepted in the clinics, despite their potential and promising per-
formance reported in the literature? A major challenge is the
generation of high-quality synthetic images from the quantita-
tive maps. In general, the quality of FLAIR images generated from
quantitative relaxation maps is inferior to that of conventional
FLAIR images, which is an essential sequence in neuroradiology.
Although Ryu et al. [16] and previous studies [17,18] reported
that the inferior quality of synthetic FLAIR images did not affect
the diagnostic ability, clinicians may  not be confident regarding
its use yet. The acquisition is rapid, but adding the sequence to
the protocol will prolong the total scan time. To implement syn-
thetic MRI  or MRF  in a time-limited clinical workflow, some existing
sequences should be replaced so that the entire protocol is not elon-
gated. Hence, improvement of the image synthesis technique to
generate high-quality contrast-weighted images would be a key
step for a wide clinical implementation. Approaches that rely on
a multi-component model may  potentially mitigate artifacts seen
on synthetic FLAIR images [19]. Adopting deep learning to directly
generate contrast-weighted images while bypassing T1 and T2
maps has also been gathering considerable interest for several
years [20–22]. This approach improves the FLAIR image quality and,
furthermore, generates MR  angiography images, which are also
important in the clinical practice. Implementation of these tech-
niques is expected to further accelerate the use of synthetic MRI
and MRF  in the routine clinical practice.
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ORIGINAL RESEARCH

3D Quantitative Synthetic MRI-Derived
Cortical Thickness and Subcortical Brain
Volumes: Scan–Rescan Repeatability and

Comparison With Conventional
T1-Weighted Images
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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.

7

Fujita et al.: Reliability of 3D SyMRI Volumetry



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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A B S T R A C T

Background: Previous methods for the quantification of brain tissue properties by magnetic resonance imaging
were mainly based on two-dimensional acquisitions and were thus limited to a relatively low resolution in the
slice direction compared to three-dimensional (3D) acquisitions. The 3D-quantification using an interleaved
Look–Locker acquisition sequence with a T2 preparation pulse (3D-QALAS) sequence may allow for simulta-
neous acquisition of relaxometry parameters in high spatial resolution.
Purpose: To evaluate bias, linearity, and day-to-day repeatability of relaxometry parameters, as well as tissue
fraction maps, acquired with 3D-QALAS.
Materials and methods: Scan–rescan test of the 3D-QALAS sequence was performed on a 1.5-T scanner with the
International Society for Magnetic Resonance in Medicine/National institute of Standards and Technology
system phantom and 10 healthy volunteers (7 male, 3 female; mean age, 23.2 ± 3.6 years). Simple linear re-
gression analysis, Bland–Altman plots, and intrasubject coefficients of variation (CV) were used to assess the
reliability of 3D-QALAS sequence-derived parameters. The T1, T2, proton density (PD), and myelin volume
fraction (MVF) of in vivo brain regions were compared with values obtained using the multidynamic multi-echo
sequence.
Results: In the phantom study, the T1, T2, and PD values measured by 3D-QALAS showed strong linearity with
the reference values (R2=0.998, 0.998, and 0.960 for T1, T2, and PD, respectively) and high repeatability
(mean CV of 1.2%, 2.8%, and 2.9% for T1, T2, and PD, respectively). The T1, T2, PD, and MVF values of in vivo
brain regions obtained with 3D-QALAS were highly consistent within subjects, with mean intrasubject CVs of
0.5%, 0.5%, 0.4%, and 1.6% for the T1, T2, PD, and MVF values, respectively.
Conclusion: 3D-QALAS enables reliable measurement of T1, T2, PD, and MVF values of the whole brain in high
spatial resolution across a clinically-relevant dynamic range.

1. Introduction

Quantification of brain tissue properties using magnetic resonance
imaging (MRI) has been widely used for the assessment of normal de-
velopment [1,2], aging [3–5], and diseases [6–9]. Quantitative MRI

approaches allow for more objective, repeatable, and reliable evalua-
tion of the tissue than does conventional MRI, which only allows for
assessment based on the arbitrary signal contrast between tissues. De-
spite their potential benefits, quantitative MR techniques, such as ob-
taining T1, T2, and proton density (PD) values of tissue, are not
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performed in routine clinical examination, likely due to the low re-
solution of conventional mapping methods.

Several quantitative multiparametric approaches have been pro-
posed to obtain high spatial resolution maps of the brain [10–13]. One
such method uses a multidynamic multi-echo (MDME) sequence, which
enables simultaneous tissue relaxometry of T1 and T2 relaxation times
and PD, providing quantitative maps that are inherently aligned
[10,14–17]. Myelin volume fraction (MVF) in a voxel can also be es-
timated, based on the acquired T1, T2, and PD values, assuming four
compartments in brain tissues [18,19]. The MDME sequence has been
used for evaluation in various brain diseases, such as multiple sclerosis
[20,21], brain infarctions [22], and meningitis [23].

The MDME sequence used for quantitative synthetic MRI was based
on a multi-slice 2D acquisition, which provided a relatively low re-
solution in the slice direction compared with 3D acquisitions. Recently,
3D-quantification using an interleaved Look–Locker acquisition se-
quence with a T2 preparation pulse (3D-QALAS) sequence has been
developed for simultaneous quantification of T1 and T2 in cardiac
imaging and showed high accuracy and precision in the heart as well as
in phantoms with various tissue properties [24,25]. A previous study
showed that 3D-QALAS can be reliably used for measuring cortical
thickness and subcortical volumes in most brain regions [26]. However,
no study to date has investigated the reliability of MR property quan-
tification based on 3D-QALAS in the brain.

Here, we propose the application of the 3D-QALAS sequence for
simultaneous acquisition of relaxometry parameters at high spatial re-
solution in the brain. The purpose of this study was to evaluate bias,
linearity, and day-to-day repeatability of relaxometry parameters (i.e.,
T1, T2, and PD values) of the brain acquired with 3D-QALAS by (a)
evaluating T1, T2, and PD values of the International Society for
Magnetic Resonance in Medicine/National institute of Standards and
Technology (ISMRM/NIST) MRI system phantom measured by 3D
QALAS on different days and (b) evaluating T1, T2, PD, MVF, and tissue
fraction maps of brain tissues in vivo.

2. Materials and methods

In phantom studies, the accuracy and repeatability of the T1, T2,
and PD measurements were evaluated using an ISMRM/NIST system
phantom containing spheres with standardized values [27,28]. Eva-
luation in vivo was performed with volunteers using volume of interest
(VOI) analysis on T1, T2, PD, and MVF maps of the brain.

2.1. MR protocol

All scans were performed on a 1.5-T scanner (A patched R5.3.0
Ingenia, Philips Healthcare, Best, The Netherlands) with a 12-channel
head coil. The 3D-QALAS sequence is based on multi-acquisition 3D
gradient echo, with five acquisitions equally spaced in time, interleaved
with a T2 preparation pulse and an inversion pulse. Briefly, the four
acquisitions after the inversion pulse are used to determine the ap-
parent T1* relaxation time approaching the saturated M0* magnetiza-
tion. T1* and M0* must be corrected for the effect of the semi-con-
tinuous series of RF flip angles during the acquisition time to retrieve
the actual T1 and M0. All M0 values are then scaled to PD such that
100% PD corresponds to the M0 of pure water. The T1 data curve is
extrapolated to just prior to the T2-prep pulse. T2 relaxation is then
found using the ratio of the signal intensity just prior and just after the
T2-prep pulse. An internal trigger started each of the five acquisitions
every 900ms, amounting to a total cycle time of 4.5 s. Further details of
the 3D-QALAS sequence have been provided by previous studies
[24,25]. The substantial difference between our study and the previous
cardiac 3D-QALAS studies involves the spatial and temporal resolution:
imaging of the brain requires higher spatial resolution than that of the
heart, but no breath hold is required. The voxel size in the cardiac study
was 2×2×12mm, while that in our study was 1.2×1.2×1.2mm.

In terms of volume, the voxel size used in our study was only 3.6%
(1.728/48mm3) of that used in the cardiac study. With a longer ac-
quisition time per beat and many more cycles, we obtained a higher
resolution. Accordingly, the scan parameters of the 3D-QALAS were as
follows: axial acquisition; TR/TE, 6.6/3.0 ms; inversion delay times
100, 1000, 1900, 2800ms; T2-prep echo time 100ms; field-of-view
(FOV), 250×250×168mm; matrix size, 208×208×140; section
thickness, 1.20mm; flip angle, 4°; receiver bandwidth, 230 Hz/pixel;
acceleration factor= 1.7, averages, 2; acquisition time, 20min 34 s.
The scan parameters of the quantification of relaxation times and
proton density by MDME [10] were as follows: axial acquisition; TR/
TE1/TE2, 4000/22/99ms; FOV, 230×230mm; matrix size,
192× 192; section thickness, 5 mm; flip angle, 90°; receiver band-
width, 158.5 Hz/pixel; acceleration factor= 2, averages, 1; acquisition
time, 5min 29 s.

2.2. Phantom evaluation

The ISMRM/NIST system phantom (High Precision Devices, Inc.,
Boulder, Colorado, USA) consisted of multiple layers of sphere arrays
that contain standardized T1 and T2 relaxation times and PD. T1
spheres consisted of different concentrations of NiCl2 solutions, with T1
ranging from 24 to 2640ms. T2 spheres consisted of different con-
centrations of MnCl2 solutions, with T2 ranging from 8 to 1542ms. PD
spheres consisted of different concentrations of H2O and D2O, with PD
ranging from 5 to 100% water. Reference values were measured by
magnetic resonance spectroscopy at 20 °C and were provided by the
Physical Measurement Laboratory at NIST [27,28]. Six T1 spheres and
seven T2 spheres with T1 and T2 values within the clinically-relevant
dynamic range (200–1400ms and 50–400ms, respectively) were
evaluated in the study. All 14 PD spheres of the phantom were used.
The outer and inner diameter of each sphere were 20mm and 15mm,
respectively. The reference values of the spheres are shown in Table 1.

The NIST/ISMRM system phantom was scanned with the 3D-QALAS
sequence seven times on different days over a 1-month period. The
phantom was placed in position 30min prior to each scan to reduce the
effect of motion on measurements. T1, T2, and PD maps were generated
using the SyMRI software (version 0.45.5) [29]. A spherical VOI with a
10-mm diameter was manually placed at the center of each sphere on
the T1, T2, and PD maps, and the mean values were recorded using ITK-
SNAP (version 3.6.0.).

2.3. Healthy volunteer evaluation

The local review board approved this study, and written informed
consent was acquired from all participants. Ten healthy volunteers were
included in this study (7 male, 3 female; mean age, 23.2 ± 3.6 [SD]
years). None of the participants had a history of a major medical con-
dition or neurological or psychiatric disorder. Two radiologists (A.H.
and S.F.) blindly assessed all volunteer examinations and confirmed
that none had structural abnormalities.

A scan–rescan test, as well as comparison with the 2D-MDME se-
quence results, was performed for each volunteer. A 2D-MDME se-
quence was performed once, and the 3D-QALAS sequence was per-
formed twice (for scan–rescan) in the same session, for all volunteers.
Between the scan–rescan of the 3D-QALAS sequence, the volunteers
exited the scanner and were asked to rest for a few minutes T1, T2, PD,
and MVF maps were generated using the SyMRI software [29] for the
VOI analysis. We performed VOI analysis based on a previous study
[14]. In brief, we created 16 VOIs: 8 of white matter (WM; frontal,
parietal, temporal, and occipital WM; genu and splenium of the corpus
callosum, internal capsules, and middle cerebellar peduncles) and 8 of
gray matter (GM; frontal, parietal, temporal, and occipital GM; insula,
caudate, putamen, and thalamus) VOIs in the Montreal Neurological
Institute space [30–32]. VOIs of the left and right sides were combined
for analysis, except for those of the splenium. For each VOI, the mean
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T1, T2, PD, and MVF values were measured. In vivo repeatability and
agreement with values obtained from MDME were evaluated for 3D-
QALAS.

Based on the T1, T2, and PD values measured by the 3D-QALAS
sequence, brain tissue segmentation was performed using the SyMRI

software. The details of the brain segmentation algorithm using SyMRI
are described elsewhere [19]. In brief, the measured quantitative values
of brain tissues were used as coordinates in a 3D feature space (i.e.,
R1–R2–PD space). This coordinate was referred to as a lookup grid,
which shows the related partial tissue volumes to the 3D space [19]. We

Table 1
Mean values of 7-day measurements of T1 and T2 relaxation times and proton density (PD) and their coefficients of variation (CVs) of the International Society for
Magnetic Resonance in Medicine/National institute of Standards and Technology system phantom. Reference values measured with magnetic resonance spectroscopy
at 20 °C were provided by National institute of Standards and Technology.

T1 (ms) T2 (ms) PD (%)

Sphere no. Reference Mean ± SD CV (%) Reference Mean ± SD CV (%) Reference Mean ± SD CV (%)

1 272.3 285 ± 2 0.6 43.84 42 ± 1 2.9 5 NA NA
2 384.1 389 ± 4 1.1 62.82 61 ± 1 1.3 10 NA NA
3 527 505 ± 5 0.9 89.52 89 ± 1 1.1 15 10.5 ± 0.4 3.5
4 751 683 ± 7 1.0 137 122 ± 1 1.0 20 14.4 ± 0.2 1.1
5 1027 934 ± 7 0.7 186.1 163 ± 3 1.8 25 16.5 ± 1.1 6.9
6 1432 1334 ± 34 2.6 258.4 212 ± 8 3.8 30 18.7 ± 0.6 3.4
7 428.3 365 ± 26 7.4 35 22.1 ± 0.5 2.1
8 40 27.2 ± 0.8 2.8
9 50 31.4 ± 0.5 1.5

10 60 38.1 ± 0.6 1.5
11 70 44.6 ± 0.5 1.1
12 80 63.5 ± 5.4 8.4
13 90 82.7 ± 1.2 1.5
14 100 89.0 ± 0.8 0.8

Fig. 1. Correlation plots comparing mean T1 (a), T2 (b), and PD (c) values to the reference values, showing linearity of measurements obtained with the 3D-QALAS
sequence. Solid black lines represent the linear regression fit.

Fig. 2. Bland–Altman plots comparing T1 (a), T2 (b), and PD (c) values to the reference values, showing bias of measurements obtained with the 3D-QALAS
sequence. The center solid lines represent mean differences. Upper and lower dotted lines represent the LOA, defined as the mean difference ± 1.96× SD of the
difference between the measurement and reference values. LOA, limit of agreement; SD, standard deviation.
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performed brain tissue segmentation based on the same data to obtain
GM, WM, and cerebrospinal fluid (CSF) volumes, and myelin volume
(MYV) by multiplying the aggregated volume fraction of each tissue
type in the whole brain and the voxel volume. Voxels not categorized as
GM, WM, or CSF were classified as other intracranial material (NoN).
The brain parenchymal volume (BPV) was calculated by summing the
GM, WM, and NoN. The intracranial volume (ICV) was calculated by
defining the borderline at PD=50%. Agreement with volumes ob-
tained from MDME and scan–rescan repeatability were evaluated for
3D-QALAS.

2.4. Statistical analysis

To assess linearity, simple linear regression analysis was performed
between the mean of 7 measurements and the reference values that
were provided by NIST [27,28]. For assessment of bias, Bland–Altman

plots were obtained between the measurements and the reference va-
lues. The coefficients of variation (CVs) of the 7 measurements of the
spheres in the phantoms was obtained to assess day-to-day repeat-
ability. In the volunteer study, intrasubject CVs of T1, T2, and PD based
on the scan–rescan tests were calculated for each VOI per subject (based
on the scan–rescan tests) and then averaged across subjects. Percentage
relative difference was used to assess reproducibility of the 3D-QALAS
sequence-derived brain quantitative values and tissue volumes com-
pared with those derived from MDME. For brain tissue volumes, in-
traclass correlation coefficients (ICCs) were also calculated to assess
reproducibility.
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Fig. 3. Representative example of three-dimensional quantification maps of the brain. T1 maps (a), T2 maps (b), PD maps (c), and MVF maps (d) are shown in multi-
planar reconstruction views. PD, proton density; MVF, myelin volume fraction.
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3. Results

3.1. ISMRM/NIST MRI system phantom study

The temperature of the phantom after image acquisition was
19.1 ± 0.5 °C. The mean, SD, and CV of the repeated measurements of
T1, T2, and PD of each sphere are reported in Table 1. All CVs of the T1,
T2, and PD measurements based on 3D-QALAS were lower than 10%
(mean CV: 1.2%, 2.8%, and 2.9%, respectively). Fig. 1 shows the simple
linear regression analysis performed between the mean of the mea-
surements and the reference values. The T1, T2, and PD values mea-
sured by 3D-QALAS all showed strong linearity with the reference va-
lues (R2= 0.998, 0.998, and 0.960, respectively). The linear regression
fit had slopes of 0.89, 0.82, and 0.90, and intercepts of 33, 9.0, and
−7.8 for T1, T2, and PD, respectively. Fig. 2 shows the Bland–Altman
plots obtained between the measurements and the reference values; the
difference between the measurements and reference values are plotted
against the mean. The mean bias was −44ms, −22ms, and −12% for
T1, T2, and PD, respectively. The limits of agreement (LOAs), defined as
the mean difference ± 1.96× SD of the difference between the mea-
surements and reference values, were−140 to 51,−70 to 27, and−25
to 0.24 for T1, T2, and PD, respectively. All data points were within the
LOAs, except for one data point of PD (reference value, 80% H2O).

3.2. Heathy volunteer evaluation

Fig. 3 shows representative 3D T1, T2, PD, and MVF maps of the
brain obtained from a healthy volunteer using 3D-QALAS. Fig. 4 illus-
trates tissue fraction maps obtained from a volunteer's scan. Fig. 5
shows a representative example of VOI placements in a multi-planar
view.

Table 2 reports the mean, SD, and intrasubject CV of T1, T2, PD, and
MVF values of each anatomic VOI across 10 healthy volunteers. Values
obtained with the MDME sequence, and the relative difference between
3D-QALAS and MDME are also shown. Supplementary Table 1 shows
the T1, T2, and PD values for representative anatomical parts of the
brain obtained with 3D-QALAS along with values from the literature
[10,11,33–38]. The T1, T2, PD, and MVF values of brain regions ob-
tained with 3D-QALAS were highly consistent within volunteers, with
mean intrasubject CVs of 0.5, 0.5, 0.4, and 1.6% for T1, T2, PD, and
MVF, respectively. All in vivo measured values were within the dynamic
range evaluated in the phantom study.

Table 3 reports the overall mean, intrasubject CV, ICC, and per-
centage relative difference of WM, GM, CSF, NoN, MYV, BPV, and ICV
volumes based on 3D-QALAS and the 2D-MDME sequence for the 10
healthy volunteers. The WM, GM, MYV, BPV, and ICV values showed
high agreement between the values obtained with 3D-QALAS and 2D-

Fig. 4. Representative example of three-dimensional tissue fraction maps of the brain. GM (a), WM (b), and CSF (c) maps are shown in multi-planar reconstruction
views. GM, gray matter; WM, white matter; CSF, cerebrospinal fluid.
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MDME, with percentage relative difference of 7.4%, 4.0%, 3.4%, 4.5%,
and 1.3%, and ICCs of 0.97, 0.97, 0.95, 0.99, and 0.99, respectively.
The CSF and NoN showed relatively low agreement between 3D-QALAS
and 2D-MDME. The tissue volumes obtained with 3D-QALAS showed
high repeatability, with a mean intrasubject CV of 1.9%.

4. Discussion

We presented the accuracy and repeatability of a relaxometry
technique for 3D simultaneous quantification of T1, T2, PD, and MVF
values of the whole brain. The T1, T2, and PD values obtained using the
3D-QALAS sequence showed high repeatability and strong linear cor-
relation with the reference values of the standardized ISMRM/NIST
system phantom. Although some biases were present with respect to the
reference values, measurements were strongly linear, indicating that
the 3D-QALAS sequence allows for adequate quantitative character-
ization. The T1, T2, and PD values of the healthy participants were in
good agreement with the literature values, with high repeatability.

The 3D-QALAS sequence provides both quantitative values (i.e., T1
and T2 relaxation times, PD, and MVF) and morphologic information of
the whole brain in high spatial resolution. The method has the ad-
vantage that it can measure not only T1, T2, and PD values, but also
MVF, which is considered to be important clinically. Another advantage
of 3D-QALAS compared to other mapping techniques, which usually
require multiple scans and registration, is that 3D-QALAS achieves
perfect alignment among the obtained quantitative MR property maps
and tissue fraction maps. Since the acquisition is performed slice-by-
slice, only the effects of subject movement that occurred during the
slice acquisition would be evident. The registration error should be
eliminated, as long as the patient did not move during data acquisition
within a slice.

Absolute quantification of MR properties using relaxometry has
previously been reported to be useful for characterization of disease,
assessment of disease activity, and monitoring of treatment [39–41].

The 3D isotropic acquisition with 3D-QALAS allows for generation of
images from arbitrary views, without requiring additional scans from
different directions. This property not only provides the advantage of
visual characterization and detection of lesions, but also allows for
accurate segmentation of small regional structures. This enables de-
tecting and describing T1, T2, and PD changes within regional struc-
tures, which could be masked when averaging values over gross ana-
tomic regions. Hence, 3D-QALAS has the potential to provide thorough
and comprehensive characterization of brain lesions, as well as of the
entire brain.

The validation of accuracy and repeatability of 3D-QALAS in a
standardized phantom is a prerequisite for its clinical use. In our study,
we compared the T1, T2, and PD values obtained using 3D-QALAS with
the reference values in NIST/ISMRM phantoms across seven days. Day-
to-day repeatability was lower than 3% for the T1, T2, and PD values. In
the phantom study, we did not correct for temperature in T1 and T2
measurements. The correction would have lowered the reported CVs,
because without the correction, the measurements would include error
of the measurements and error originating from the temperature dif-
ference. However, in clinical practice, it is difficult and impractical to
obtain the exact temperature of a subject. Because the CVs without
temperature corrections were acceptable (mean CV of 1.2%, 2.8%, and
2.9%, for T1, T2, and PD, respectively) in our observation, we decided
not to perform temperature correction.

The values acquired with 3D-QALAS showed a strong linear corre-
lation (R2=0.98–0.99) with the standardized values for the physiolo-
gical range of structures of the brain. Our results indicate that 3D-
QALAS covers the physiological range of T1, T2, and PD values in brain
structures. PD values lower than 10% were estimated as 0%, suggesting
that measurements of extremely low PD values would be less reliable.
However, precise quantitative values of such tissues would be of less
importance in the clinical setting; the PD values in the healthy human
brain measured by MDME were reported to be 77% and 62% for GM
and WM, respectively [14]. Further, PD values in various brain tumors

Fig. 5. Representative example of volume of interest (VOI) placement. VOIs are overlaid on a T1-weighed image in axial (a), coronal (b), and sagittal (c) views.
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have been previously reported by Just et al., who showed that tumors
have higher PD values than does WM [42].

The T1, T2, and PD values obtained with 3D-QALAS showed good
overall agreement with MDME sequence-derived values, as shown by
relative differences. However, the MVF values in gray matter regions
differed substantially between 3D-QALAS and MDME. One possible
reason may be the low absolute value of MVF in gray matter (mean
MVF value of 15.2% in gray matter compared to 33.2% in white
matter), which may have made the relative differences sensitive to
small changes. Despite the high absolute value of the MVF in the corpus
callosum, values obtained with 3D-QALAS and MDME differed sub-
stantially. One possible reason for this could be the effects of in-
complete elimination of B1 inhomogeneity and coil sensitivity, because
the corpus callosum is located in the center of the field-of-view that is
likely to be affected by these effects. Special attention is required when
applying 3D-QALAS to the corpus callosum. In spite of these dis-
crepancies, 3D-QALAS sequence-derived T1, T2, PD, and MVF values
showed high repeatability. The measured values often differ even
among well-established methods and pursuing the true value may be
impractical for clinical use. When performing an examination in a
clinical context to monitor subtle changes in subjects' MR values, re-
peatability is more important than accuracy, as repeatability is asso-
ciated with the smallest change that can be detected using the mea-
surement. As long as the measurement is consistent and shows high
repeatability, it could be used to depict the differences among tissues.

The 3D-QALAS sequence was constructed for analyzing brain tissue
and may not be suitable for quantifying MR properties of materials that
differ greatly from the brain. Our data show that 3D-QALAS slightly
underestimates the values of T1, T2, and PD. However, the repeatability
of these measurements was high (mean CV of 1.2%, 2.8%, and 2.9% for
T1, T2, and PD values, respectively), indicating that 3D-QALAS is sui-
table for longitudinal studies.

We also assessed the in vivo repeatability of 3D-QALAS with 10
healthy volunteers. The T1, T2, and PD values acquired with 3D-QALAS
showed good agreement with the results of previous studies reporting
values of structures of the normal brain at 1.5 T (Supplementary
Table 1) [10,11,33–38]. The CVs of T1, T2, and PD values in volunteer
data were lower than those measured in the phantom study. This may
be because the size of the VOIs used in the phantom study was smaller
than those used in the volunteer study. The tissue volume based on 3D-
QALAS showed low intrasubject CV, lower than 1%, except for NoN.
NoN showed intrasubject CVs of 8.2%, which was much higher than
that of the other tissue volumes. Because the CV is sensitive to small
changes when the mean value used as the denominator approaches
zero, the small absolute volume of NoN may have contributed to the
relatively large intrasubject CV.

This study had several limitations. First, the scanning time in this
study was relatively long in terms of incorporation into a routine
clinical scan. Using a 3-T MRI scanner, as well as combining it with
acceleration techniques, such as compressed sensing [43], may reduce

scan times to a clinically-applicable level. Second, only healthy vo-
lunteers and no patients were enrolled in the in vivo study. Although our
goal was to validate the accuracy and repeatability of 3D-QALAS, future
studies focusing on patients are required. Third, although we have
validated the reliability of 3D-QALAS using the standardized phantom
with reference values, the in vivo values were not compared with those
acquired by gold-standard methods, such as IR-based T1 mapping and
multi-echo T2 mapping, which requires an excessive scan time. How-
ever, the T1, T2, and PD values acquired with 3D-QALAS showed good
agreement with values obtained with the well-established MDME se-
quence, as well as with values reported previously.

In conclusion, the three-dimensional relaxometry method, 3D-
QALAS, allows for reliable measurement of T1, T2, and PD values
across a clinically-relevant dynamic range, with high spatial resolution,
while concurrently providing morphological information of the whole
brain.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.08.031.
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ditorial
ynthetic  MRI  and  MR  fingerprinting  in  routine  neuroimaging
rotocol:  What’s  the  next  step?
Simultaneous relaxometry techniques to map  relaxation param-
ters in tissues are attracting widespread interest owing to the
bjective quantification of tissue properties and potential reduction
n the scan time. So far, synthetic MRI  and MR  fingerprinting (MRF)
re the two major simultaneous relaxometry techniques with regu-
atory approval. Synthetic MRI  maps T1 and T2 relaxation times and
roton density and synthesizes various contrast-weighted images,

ncluding T1- and T2-weighted and fluid-attenuated inversion
ecovery (FLAIR) images within a single 6-min acquisition [1–3].
RF  is another promising approach to simultaneously quantify

issue properties in a clinically feasible time. Instead of perform-
ng curve fitting, as in conventional relaxometry techniques, MRF
dopts a unique approach in which acquisition parameters are
imultaneously varied across repetition times to generate sig-
al evolutions that characterize the various relaxation processes
nique to each tissue [4]. The acquired signal is pattern-matched to

 dictionary of simulated signal evolutions to acquire various quan-
itative metrics, such as T1 and T2 values. Both synthetic MRI  and

RF show high repeatability and reproducibility of T1 and T2 val-
es for standardized phantoms [5–7] and in vivo [6–9]. Moreover,
ecent efforts have enabled high-resolution three-dimensional vol-
me coverage of the whole brain on both synthetic MRI  [10,11] and
RF  [12–14]. In addition, acceleration techniques, such as simul-

aneous multi-slice acquisition [15], have been implemented to
urther accelerate scanning, making these relaxometry techniques

ore usable in clinical settings.
In this issue of Journal of Neuroradiology,  Ryu et al. reported their

nitial experience with contrast-weighted images obtained using
ynthetic MRI  as a routine neuroimaging protocol in daily clinical
ractice [16]. Contrary to many previous studies that used syn-
hetic MRI  in the research protocol, this study was  unique in that
t implemented synthetic MRI  as the routine protocol by replacing
ome conventional sequences, such as T1 and T2-weighted images,
ith synthetic MRI. Two radiologists retrospectively reviewed the

maging data of 89 patients, rated the overall image quality and
natomical delineation, and found that the image qualities of syn-
hetic T1- and T2-weighted images were adequate for clinical use.
LAIR images showed pronounced artifacts but without any signif-
cant impact on the diagnosis. Further, they also evaluated images
btained with synthetic phase-sensitive inversion recovery (PSIR),
hich is a T1-weighted sequence with a greater signal intensity
ange, and found that the overall image quality with anatomical
elineation of PSIR was superior to that of other synthetic images.
hey concluded that synthetic MRI  can be accepted as a routine
euroimaging protocol in the clinical practice.

https://doi.org/10.1016/j.neurad.2020.02.001
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Then, why have synthetic MRI  and MRF  not been widely
accepted in the clinics, despite their potential and promising per-
formance reported in the literature? A major challenge is the
generation of high-quality synthetic images from the quantita-
tive maps. In general, the quality of FLAIR images generated from
quantitative relaxation maps is inferior to that of conventional
FLAIR images, which is an essential sequence in neuroradiology.
Although Ryu et al. [16] and previous studies [17,18] reported
that the inferior quality of synthetic FLAIR images did not affect
the diagnostic ability, clinicians may  not be confident regarding
its use yet. The acquisition is rapid, but adding the sequence to
the protocol will prolong the total scan time. To implement syn-
thetic MRI  or MRF  in a time-limited clinical workflow, some existing
sequences should be replaced so that the entire protocol is not elon-
gated. Hence, improvement of the image synthesis technique to
generate high-quality contrast-weighted images would be a key
step for a wide clinical implementation. Approaches that rely on
a multi-component model may  potentially mitigate artifacts seen
on synthetic FLAIR images [19]. Adopting deep learning to directly
generate contrast-weighted images while bypassing T1 and T2
maps has also been gathering considerable interest for several
years [20–22]. This approach improves the FLAIR image quality and,
furthermore, generates MR  angiography images, which are also
important in the clinical practice. Implementation of these tech-
niques is expected to further accelerate the use of synthetic MRI
and MRF  in the routine clinical practice.
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ORIGINAL RESEARCH

3D Quantitative Synthetic MRI-Derived
Cortical Thickness and Subcortical Brain
Volumes: Scan–Rescan Repeatability and

Comparison With Conventional
T1-Weighted Images

Shohei Fujita, MD,1 Akifumi Hagiwara, MD, PhD,1,2* Masaaki Hori, MD, PhD,1

Marcel Warntjes, PhD,3,4 Koji Kamagata, MD, PhD,1 Issei Fukunaga, PhD,1

Masami Goto, PhD,6 Haruyama Takuya, BS,1,5 Kohei Takasu, BS,6 Christina Andica, MD,1

Tomoko Maekawa, MD,1,2 Mariko Yoshida Takemura, MD, PhD,1 Ryusuke Irie, MD,1,2

Akihiko Wada, MD, PhD,1 Michimasa Suzuki, MD, PhD,1 and Shigeki Aoki, MD, PhD1

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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A B S T R A C T

Background: Previous methods for the quantification of brain tissue properties by magnetic resonance imaging
were mainly based on two-dimensional acquisitions and were thus limited to a relatively low resolution in the
slice direction compared to three-dimensional (3D) acquisitions. The 3D-quantification using an interleaved
Look–Locker acquisition sequence with a T2 preparation pulse (3D-QALAS) sequence may allow for simulta-
neous acquisition of relaxometry parameters in high spatial resolution.
Purpose: To evaluate bias, linearity, and day-to-day repeatability of relaxometry parameters, as well as tissue
fraction maps, acquired with 3D-QALAS.
Materials and methods: Scan–rescan test of the 3D-QALAS sequence was performed on a 1.5-T scanner with the
International Society for Magnetic Resonance in Medicine/National institute of Standards and Technology
system phantom and 10 healthy volunteers (7 male, 3 female; mean age, 23.2 ± 3.6 years). Simple linear re-
gression analysis, Bland–Altman plots, and intrasubject coefficients of variation (CV) were used to assess the
reliability of 3D-QALAS sequence-derived parameters. The T1, T2, proton density (PD), and myelin volume
fraction (MVF) of in vivo brain regions were compared with values obtained using the multidynamic multi-echo
sequence.
Results: In the phantom study, the T1, T2, and PD values measured by 3D-QALAS showed strong linearity with
the reference values (R2=0.998, 0.998, and 0.960 for T1, T2, and PD, respectively) and high repeatability
(mean CV of 1.2%, 2.8%, and 2.9% for T1, T2, and PD, respectively). The T1, T2, PD, and MVF values of in vivo
brain regions obtained with 3D-QALAS were highly consistent within subjects, with mean intrasubject CVs of
0.5%, 0.5%, 0.4%, and 1.6% for the T1, T2, PD, and MVF values, respectively.
Conclusion: 3D-QALAS enables reliable measurement of T1, T2, PD, and MVF values of the whole brain in high
spatial resolution across a clinically-relevant dynamic range.

1. Introduction

Quantification of brain tissue properties using magnetic resonance
imaging (MRI) has been widely used for the assessment of normal de-
velopment [1,2], aging [3–5], and diseases [6–9]. Quantitative MRI

approaches allow for more objective, repeatable, and reliable evalua-
tion of the tissue than does conventional MRI, which only allows for
assessment based on the arbitrary signal contrast between tissues. De-
spite their potential benefits, quantitative MR techniques, such as ob-
taining T1, T2, and proton density (PD) values of tissue, are not
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performed in routine clinical examination, likely due to the low re-
solution of conventional mapping methods.

Several quantitative multiparametric approaches have been pro-
posed to obtain high spatial resolution maps of the brain [10–13]. One
such method uses a multidynamic multi-echo (MDME) sequence, which
enables simultaneous tissue relaxometry of T1 and T2 relaxation times
and PD, providing quantitative maps that are inherently aligned
[10,14–17]. Myelin volume fraction (MVF) in a voxel can also be es-
timated, based on the acquired T1, T2, and PD values, assuming four
compartments in brain tissues [18,19]. The MDME sequence has been
used for evaluation in various brain diseases, such as multiple sclerosis
[20,21], brain infarctions [22], and meningitis [23].

The MDME sequence used for quantitative synthetic MRI was based
on a multi-slice 2D acquisition, which provided a relatively low re-
solution in the slice direction compared with 3D acquisitions. Recently,
3D-quantification using an interleaved Look–Locker acquisition se-
quence with a T2 preparation pulse (3D-QALAS) sequence has been
developed for simultaneous quantification of T1 and T2 in cardiac
imaging and showed high accuracy and precision in the heart as well as
in phantoms with various tissue properties [24,25]. A previous study
showed that 3D-QALAS can be reliably used for measuring cortical
thickness and subcortical volumes in most brain regions [26]. However,
no study to date has investigated the reliability of MR property quan-
tification based on 3D-QALAS in the brain.

Here, we propose the application of the 3D-QALAS sequence for
simultaneous acquisition of relaxometry parameters at high spatial re-
solution in the brain. The purpose of this study was to evaluate bias,
linearity, and day-to-day repeatability of relaxometry parameters (i.e.,
T1, T2, and PD values) of the brain acquired with 3D-QALAS by (a)
evaluating T1, T2, and PD values of the International Society for
Magnetic Resonance in Medicine/National institute of Standards and
Technology (ISMRM/NIST) MRI system phantom measured by 3D
QALAS on different days and (b) evaluating T1, T2, PD, MVF, and tissue
fraction maps of brain tissues in vivo.

2. Materials and methods

In phantom studies, the accuracy and repeatability of the T1, T2,
and PD measurements were evaluated using an ISMRM/NIST system
phantom containing spheres with standardized values [27,28]. Eva-
luation in vivo was performed with volunteers using volume of interest
(VOI) analysis on T1, T2, PD, and MVF maps of the brain.

2.1. MR protocol

All scans were performed on a 1.5-T scanner (A patched R5.3.0
Ingenia, Philips Healthcare, Best, The Netherlands) with a 12-channel
head coil. The 3D-QALAS sequence is based on multi-acquisition 3D
gradient echo, with five acquisitions equally spaced in time, interleaved
with a T2 preparation pulse and an inversion pulse. Briefly, the four
acquisitions after the inversion pulse are used to determine the ap-
parent T1* relaxation time approaching the saturated M0* magnetiza-
tion. T1* and M0* must be corrected for the effect of the semi-con-
tinuous series of RF flip angles during the acquisition time to retrieve
the actual T1 and M0. All M0 values are then scaled to PD such that
100% PD corresponds to the M0 of pure water. The T1 data curve is
extrapolated to just prior to the T2-prep pulse. T2 relaxation is then
found using the ratio of the signal intensity just prior and just after the
T2-prep pulse. An internal trigger started each of the five acquisitions
every 900ms, amounting to a total cycle time of 4.5 s. Further details of
the 3D-QALAS sequence have been provided by previous studies
[24,25]. The substantial difference between our study and the previous
cardiac 3D-QALAS studies involves the spatial and temporal resolution:
imaging of the brain requires higher spatial resolution than that of the
heart, but no breath hold is required. The voxel size in the cardiac study
was 2×2×12mm, while that in our study was 1.2×1.2×1.2mm.

In terms of volume, the voxel size used in our study was only 3.6%
(1.728/48mm3) of that used in the cardiac study. With a longer ac-
quisition time per beat and many more cycles, we obtained a higher
resolution. Accordingly, the scan parameters of the 3D-QALAS were as
follows: axial acquisition; TR/TE, 6.6/3.0 ms; inversion delay times
100, 1000, 1900, 2800ms; T2-prep echo time 100ms; field-of-view
(FOV), 250×250×168mm; matrix size, 208×208×140; section
thickness, 1.20mm; flip angle, 4°; receiver bandwidth, 230 Hz/pixel;
acceleration factor= 1.7, averages, 2; acquisition time, 20min 34 s.
The scan parameters of the quantification of relaxation times and
proton density by MDME [10] were as follows: axial acquisition; TR/
TE1/TE2, 4000/22/99ms; FOV, 230×230mm; matrix size,
192× 192; section thickness, 5 mm; flip angle, 90°; receiver band-
width, 158.5 Hz/pixel; acceleration factor= 2, averages, 1; acquisition
time, 5min 29 s.

2.2. Phantom evaluation

The ISMRM/NIST system phantom (High Precision Devices, Inc.,
Boulder, Colorado, USA) consisted of multiple layers of sphere arrays
that contain standardized T1 and T2 relaxation times and PD. T1
spheres consisted of different concentrations of NiCl2 solutions, with T1
ranging from 24 to 2640ms. T2 spheres consisted of different con-
centrations of MnCl2 solutions, with T2 ranging from 8 to 1542ms. PD
spheres consisted of different concentrations of H2O and D2O, with PD
ranging from 5 to 100% water. Reference values were measured by
magnetic resonance spectroscopy at 20 °C and were provided by the
Physical Measurement Laboratory at NIST [27,28]. Six T1 spheres and
seven T2 spheres with T1 and T2 values within the clinically-relevant
dynamic range (200–1400ms and 50–400ms, respectively) were
evaluated in the study. All 14 PD spheres of the phantom were used.
The outer and inner diameter of each sphere were 20mm and 15mm,
respectively. The reference values of the spheres are shown in Table 1.

The NIST/ISMRM system phantom was scanned with the 3D-QALAS
sequence seven times on different days over a 1-month period. The
phantom was placed in position 30min prior to each scan to reduce the
effect of motion on measurements. T1, T2, and PD maps were generated
using the SyMRI software (version 0.45.5) [29]. A spherical VOI with a
10-mm diameter was manually placed at the center of each sphere on
the T1, T2, and PD maps, and the mean values were recorded using ITK-
SNAP (version 3.6.0.).

2.3. Healthy volunteer evaluation

The local review board approved this study, and written informed
consent was acquired from all participants. Ten healthy volunteers were
included in this study (7 male, 3 female; mean age, 23.2 ± 3.6 [SD]
years). None of the participants had a history of a major medical con-
dition or neurological or psychiatric disorder. Two radiologists (A.H.
and S.F.) blindly assessed all volunteer examinations and confirmed
that none had structural abnormalities.

A scan–rescan test, as well as comparison with the 2D-MDME se-
quence results, was performed for each volunteer. A 2D-MDME se-
quence was performed once, and the 3D-QALAS sequence was per-
formed twice (for scan–rescan) in the same session, for all volunteers.
Between the scan–rescan of the 3D-QALAS sequence, the volunteers
exited the scanner and were asked to rest for a few minutes T1, T2, PD,
and MVF maps were generated using the SyMRI software [29] for the
VOI analysis. We performed VOI analysis based on a previous study
[14]. In brief, we created 16 VOIs: 8 of white matter (WM; frontal,
parietal, temporal, and occipital WM; genu and splenium of the corpus
callosum, internal capsules, and middle cerebellar peduncles) and 8 of
gray matter (GM; frontal, parietal, temporal, and occipital GM; insula,
caudate, putamen, and thalamus) VOIs in the Montreal Neurological
Institute space [30–32]. VOIs of the left and right sides were combined
for analysis, except for those of the splenium. For each VOI, the mean
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T1, T2, PD, and MVF values were measured. In vivo repeatability and
agreement with values obtained from MDME were evaluated for 3D-
QALAS.

Based on the T1, T2, and PD values measured by the 3D-QALAS
sequence, brain tissue segmentation was performed using the SyMRI

software. The details of the brain segmentation algorithm using SyMRI
are described elsewhere [19]. In brief, the measured quantitative values
of brain tissues were used as coordinates in a 3D feature space (i.e.,
R1–R2–PD space). This coordinate was referred to as a lookup grid,
which shows the related partial tissue volumes to the 3D space [19]. We

Table 1
Mean values of 7-day measurements of T1 and T2 relaxation times and proton density (PD) and their coefficients of variation (CVs) of the International Society for
Magnetic Resonance in Medicine/National institute of Standards and Technology system phantom. Reference values measured with magnetic resonance spectroscopy
at 20 °C were provided by National institute of Standards and Technology.

T1 (ms) T2 (ms) PD (%)

Sphere no. Reference Mean ± SD CV (%) Reference Mean ± SD CV (%) Reference Mean ± SD CV (%)

1 272.3 285 ± 2 0.6 43.84 42 ± 1 2.9 5 NA NA
2 384.1 389 ± 4 1.1 62.82 61 ± 1 1.3 10 NA NA
3 527 505 ± 5 0.9 89.52 89 ± 1 1.1 15 10.5 ± 0.4 3.5
4 751 683 ± 7 1.0 137 122 ± 1 1.0 20 14.4 ± 0.2 1.1
5 1027 934 ± 7 0.7 186.1 163 ± 3 1.8 25 16.5 ± 1.1 6.9
6 1432 1334 ± 34 2.6 258.4 212 ± 8 3.8 30 18.7 ± 0.6 3.4
7 428.3 365 ± 26 7.4 35 22.1 ± 0.5 2.1
8 40 27.2 ± 0.8 2.8
9 50 31.4 ± 0.5 1.5

10 60 38.1 ± 0.6 1.5
11 70 44.6 ± 0.5 1.1
12 80 63.5 ± 5.4 8.4
13 90 82.7 ± 1.2 1.5
14 100 89.0 ± 0.8 0.8

Fig. 1. Correlation plots comparing mean T1 (a), T2 (b), and PD (c) values to the reference values, showing linearity of measurements obtained with the 3D-QALAS
sequence. Solid black lines represent the linear regression fit.

Fig. 2. Bland–Altman plots comparing T1 (a), T2 (b), and PD (c) values to the reference values, showing bias of measurements obtained with the 3D-QALAS
sequence. The center solid lines represent mean differences. Upper and lower dotted lines represent the LOA, defined as the mean difference ± 1.96× SD of the
difference between the measurement and reference values. LOA, limit of agreement; SD, standard deviation.

S. Fujita, et al. Magnetic Resonance Imaging 63 (2019) 235–243

237



performed brain tissue segmentation based on the same data to obtain
GM, WM, and cerebrospinal fluid (CSF) volumes, and myelin volume
(MYV) by multiplying the aggregated volume fraction of each tissue
type in the whole brain and the voxel volume. Voxels not categorized as
GM, WM, or CSF were classified as other intracranial material (NoN).
The brain parenchymal volume (BPV) was calculated by summing the
GM, WM, and NoN. The intracranial volume (ICV) was calculated by
defining the borderline at PD=50%. Agreement with volumes ob-
tained from MDME and scan–rescan repeatability were evaluated for
3D-QALAS.

2.4. Statistical analysis

To assess linearity, simple linear regression analysis was performed
between the mean of 7 measurements and the reference values that
were provided by NIST [27,28]. For assessment of bias, Bland–Altman

plots were obtained between the measurements and the reference va-
lues. The coefficients of variation (CVs) of the 7 measurements of the
spheres in the phantoms was obtained to assess day-to-day repeat-
ability. In the volunteer study, intrasubject CVs of T1, T2, and PD based
on the scan–rescan tests were calculated for each VOI per subject (based
on the scan–rescan tests) and then averaged across subjects. Percentage
relative difference was used to assess reproducibility of the 3D-QALAS
sequence-derived brain quantitative values and tissue volumes com-
pared with those derived from MDME. For brain tissue volumes, in-
traclass correlation coefficients (ICCs) were also calculated to assess
reproducibility.
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Fig. 3. Representative example of three-dimensional quantification maps of the brain. T1 maps (a), T2 maps (b), PD maps (c), and MVF maps (d) are shown in multi-
planar reconstruction views. PD, proton density; MVF, myelin volume fraction.
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3. Results

3.1. ISMRM/NIST MRI system phantom study

The temperature of the phantom after image acquisition was
19.1 ± 0.5 °C. The mean, SD, and CV of the repeated measurements of
T1, T2, and PD of each sphere are reported in Table 1. All CVs of the T1,
T2, and PD measurements based on 3D-QALAS were lower than 10%
(mean CV: 1.2%, 2.8%, and 2.9%, respectively). Fig. 1 shows the simple
linear regression analysis performed between the mean of the mea-
surements and the reference values. The T1, T2, and PD values mea-
sured by 3D-QALAS all showed strong linearity with the reference va-
lues (R2= 0.998, 0.998, and 0.960, respectively). The linear regression
fit had slopes of 0.89, 0.82, and 0.90, and intercepts of 33, 9.0, and
−7.8 for T1, T2, and PD, respectively. Fig. 2 shows the Bland–Altman
plots obtained between the measurements and the reference values; the
difference between the measurements and reference values are plotted
against the mean. The mean bias was −44ms, −22ms, and −12% for
T1, T2, and PD, respectively. The limits of agreement (LOAs), defined as
the mean difference ± 1.96× SD of the difference between the mea-
surements and reference values, were−140 to 51,−70 to 27, and−25
to 0.24 for T1, T2, and PD, respectively. All data points were within the
LOAs, except for one data point of PD (reference value, 80% H2O).

3.2. Heathy volunteer evaluation

Fig. 3 shows representative 3D T1, T2, PD, and MVF maps of the
brain obtained from a healthy volunteer using 3D-QALAS. Fig. 4 illus-
trates tissue fraction maps obtained from a volunteer's scan. Fig. 5
shows a representative example of VOI placements in a multi-planar
view.

Table 2 reports the mean, SD, and intrasubject CV of T1, T2, PD, and
MVF values of each anatomic VOI across 10 healthy volunteers. Values
obtained with the MDME sequence, and the relative difference between
3D-QALAS and MDME are also shown. Supplementary Table 1 shows
the T1, T2, and PD values for representative anatomical parts of the
brain obtained with 3D-QALAS along with values from the literature
[10,11,33–38]. The T1, T2, PD, and MVF values of brain regions ob-
tained with 3D-QALAS were highly consistent within volunteers, with
mean intrasubject CVs of 0.5, 0.5, 0.4, and 1.6% for T1, T2, PD, and
MVF, respectively. All in vivo measured values were within the dynamic
range evaluated in the phantom study.

Table 3 reports the overall mean, intrasubject CV, ICC, and per-
centage relative difference of WM, GM, CSF, NoN, MYV, BPV, and ICV
volumes based on 3D-QALAS and the 2D-MDME sequence for the 10
healthy volunteers. The WM, GM, MYV, BPV, and ICV values showed
high agreement between the values obtained with 3D-QALAS and 2D-

Fig. 4. Representative example of three-dimensional tissue fraction maps of the brain. GM (a), WM (b), and CSF (c) maps are shown in multi-planar reconstruction
views. GM, gray matter; WM, white matter; CSF, cerebrospinal fluid.
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MDME, with percentage relative difference of 7.4%, 4.0%, 3.4%, 4.5%,
and 1.3%, and ICCs of 0.97, 0.97, 0.95, 0.99, and 0.99, respectively.
The CSF and NoN showed relatively low agreement between 3D-QALAS
and 2D-MDME. The tissue volumes obtained with 3D-QALAS showed
high repeatability, with a mean intrasubject CV of 1.9%.

4. Discussion

We presented the accuracy and repeatability of a relaxometry
technique for 3D simultaneous quantification of T1, T2, PD, and MVF
values of the whole brain. The T1, T2, and PD values obtained using the
3D-QALAS sequence showed high repeatability and strong linear cor-
relation with the reference values of the standardized ISMRM/NIST
system phantom. Although some biases were present with respect to the
reference values, measurements were strongly linear, indicating that
the 3D-QALAS sequence allows for adequate quantitative character-
ization. The T1, T2, and PD values of the healthy participants were in
good agreement with the literature values, with high repeatability.

The 3D-QALAS sequence provides both quantitative values (i.e., T1
and T2 relaxation times, PD, and MVF) and morphologic information of
the whole brain in high spatial resolution. The method has the ad-
vantage that it can measure not only T1, T2, and PD values, but also
MVF, which is considered to be important clinically. Another advantage
of 3D-QALAS compared to other mapping techniques, which usually
require multiple scans and registration, is that 3D-QALAS achieves
perfect alignment among the obtained quantitative MR property maps
and tissue fraction maps. Since the acquisition is performed slice-by-
slice, only the effects of subject movement that occurred during the
slice acquisition would be evident. The registration error should be
eliminated, as long as the patient did not move during data acquisition
within a slice.

Absolute quantification of MR properties using relaxometry has
previously been reported to be useful for characterization of disease,
assessment of disease activity, and monitoring of treatment [39–41].

The 3D isotropic acquisition with 3D-QALAS allows for generation of
images from arbitrary views, without requiring additional scans from
different directions. This property not only provides the advantage of
visual characterization and detection of lesions, but also allows for
accurate segmentation of small regional structures. This enables de-
tecting and describing T1, T2, and PD changes within regional struc-
tures, which could be masked when averaging values over gross ana-
tomic regions. Hence, 3D-QALAS has the potential to provide thorough
and comprehensive characterization of brain lesions, as well as of the
entire brain.

The validation of accuracy and repeatability of 3D-QALAS in a
standardized phantom is a prerequisite for its clinical use. In our study,
we compared the T1, T2, and PD values obtained using 3D-QALAS with
the reference values in NIST/ISMRM phantoms across seven days. Day-
to-day repeatability was lower than 3% for the T1, T2, and PD values. In
the phantom study, we did not correct for temperature in T1 and T2
measurements. The correction would have lowered the reported CVs,
because without the correction, the measurements would include error
of the measurements and error originating from the temperature dif-
ference. However, in clinical practice, it is difficult and impractical to
obtain the exact temperature of a subject. Because the CVs without
temperature corrections were acceptable (mean CV of 1.2%, 2.8%, and
2.9%, for T1, T2, and PD, respectively) in our observation, we decided
not to perform temperature correction.

The values acquired with 3D-QALAS showed a strong linear corre-
lation (R2=0.98–0.99) with the standardized values for the physiolo-
gical range of structures of the brain. Our results indicate that 3D-
QALAS covers the physiological range of T1, T2, and PD values in brain
structures. PD values lower than 10% were estimated as 0%, suggesting
that measurements of extremely low PD values would be less reliable.
However, precise quantitative values of such tissues would be of less
importance in the clinical setting; the PD values in the healthy human
brain measured by MDME were reported to be 77% and 62% for GM
and WM, respectively [14]. Further, PD values in various brain tumors

Fig. 5. Representative example of volume of interest (VOI) placement. VOIs are overlaid on a T1-weighed image in axial (a), coronal (b), and sagittal (c) views.
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have been previously reported by Just et al., who showed that tumors
have higher PD values than does WM [42].

The T1, T2, and PD values obtained with 3D-QALAS showed good
overall agreement with MDME sequence-derived values, as shown by
relative differences. However, the MVF values in gray matter regions
differed substantially between 3D-QALAS and MDME. One possible
reason may be the low absolute value of MVF in gray matter (mean
MVF value of 15.2% in gray matter compared to 33.2% in white
matter), which may have made the relative differences sensitive to
small changes. Despite the high absolute value of the MVF in the corpus
callosum, values obtained with 3D-QALAS and MDME differed sub-
stantially. One possible reason for this could be the effects of in-
complete elimination of B1 inhomogeneity and coil sensitivity, because
the corpus callosum is located in the center of the field-of-view that is
likely to be affected by these effects. Special attention is required when
applying 3D-QALAS to the corpus callosum. In spite of these dis-
crepancies, 3D-QALAS sequence-derived T1, T2, PD, and MVF values
showed high repeatability. The measured values often differ even
among well-established methods and pursuing the true value may be
impractical for clinical use. When performing an examination in a
clinical context to monitor subtle changes in subjects' MR values, re-
peatability is more important than accuracy, as repeatability is asso-
ciated with the smallest change that can be detected using the mea-
surement. As long as the measurement is consistent and shows high
repeatability, it could be used to depict the differences among tissues.

The 3D-QALAS sequence was constructed for analyzing brain tissue
and may not be suitable for quantifying MR properties of materials that
differ greatly from the brain. Our data show that 3D-QALAS slightly
underestimates the values of T1, T2, and PD. However, the repeatability
of these measurements was high (mean CV of 1.2%, 2.8%, and 2.9% for
T1, T2, and PD values, respectively), indicating that 3D-QALAS is sui-
table for longitudinal studies.

We also assessed the in vivo repeatability of 3D-QALAS with 10
healthy volunteers. The T1, T2, and PD values acquired with 3D-QALAS
showed good agreement with the results of previous studies reporting
values of structures of the normal brain at 1.5 T (Supplementary
Table 1) [10,11,33–38]. The CVs of T1, T2, and PD values in volunteer
data were lower than those measured in the phantom study. This may
be because the size of the VOIs used in the phantom study was smaller
than those used in the volunteer study. The tissue volume based on 3D-
QALAS showed low intrasubject CV, lower than 1%, except for NoN.
NoN showed intrasubject CVs of 8.2%, which was much higher than
that of the other tissue volumes. Because the CV is sensitive to small
changes when the mean value used as the denominator approaches
zero, the small absolute volume of NoN may have contributed to the
relatively large intrasubject CV.

This study had several limitations. First, the scanning time in this
study was relatively long in terms of incorporation into a routine
clinical scan. Using a 3-T MRI scanner, as well as combining it with
acceleration techniques, such as compressed sensing [43], may reduce

scan times to a clinically-applicable level. Second, only healthy vo-
lunteers and no patients were enrolled in the in vivo study. Although our
goal was to validate the accuracy and repeatability of 3D-QALAS, future
studies focusing on patients are required. Third, although we have
validated the reliability of 3D-QALAS using the standardized phantom
with reference values, the in vivo values were not compared with those
acquired by gold-standard methods, such as IR-based T1 mapping and
multi-echo T2 mapping, which requires an excessive scan time. How-
ever, the T1, T2, and PD values acquired with 3D-QALAS showed good
agreement with values obtained with the well-established MDME se-
quence, as well as with values reported previously.

In conclusion, the three-dimensional relaxometry method, 3D-
QALAS, allows for reliable measurement of T1, T2, and PD values
across a clinically-relevant dynamic range, with high spatial resolution,
while concurrently providing morphological information of the whole
brain.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.08.031.
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