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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

https://doi.org/10.1016/j.mri.2019.08.031
Received 9 June 2019; Received in revised form 19 August 2019; Accepted 19 August 2019

Abbreviations: BPV, Brain parenchymal volume; CSF, Cerebrospinal fluid; CV, Coefficient of variation; GM, Gray matter; ICC, Intraclass correlation coefficient; LOA,
Limits of agreement; MDME, Multidynamic multi-echo; MRI, Magnetic resonance imaging; MVF, Myelin volume fraction; NoN, Other intracranial material; PD,
Proton density; SD, Standard deviation; VOI, Volume of interest; WM, White matter

⁎ Corresponding author at: Department of Radiology, Juntendo University School of Medicine, 1-2-1, Hongo, Bunkyo-ku, Tokyo 113-8421, Japan.
E-mail address: a-hagiwara@juntendo.ac.jp (A. Hagiwara).

Magnetic Resonance Imaging 63 (2019) 235–243

0730-725X/ © 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/0730725X
https://www.elsevier.com/locate/mri
https://doi.org/10.1016/j.mri.2019.08.031
https://doi.org/10.1016/j.mri.2019.08.031
mailto:a-hagiwara@juntendo.ac.jp
https://doi.org/10.1016/j.mri.2019.08.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mri.2019.08.031&domain=pdf


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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