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Accelerated Isotropic Multiparametric Imaging by High Spatial
Resolution 3D-QALAS With Compressed Sensing

A Phantom, Volunteer, and Patient Study
Shohei Fujita, MD,*† Akifumi Hagiwara, MD, PhD,* Naoyuki Takei, MS,‡ Ken-Pin Hwang, PhD,§
Issei Fukunaga, PhD,* Shimpei Kato, MD,*† Christina Andica, MD, PhD,* Koji Kamagata, MD, PhD,*

Kazumasa Yokoyama, MD,|| Nobutaka Hattori, MD, PhD,||
Osamu Abe, MD, PhD,† and Shigeki Aoki, MD, PhD*
Objectives: The aims of this study were to develop an accelerated multiparametric
magnetic resonance imagingmethod based on 3D-quantification using an interleaved
Look-Locker acquisition sequence with a T2 preparation pulse (3D-QALAS) com-
bined with compressed sensing (CS) and to evaluate the effect of CS on the quantita-
tive mapping, tissue segmentation, and quality of synthetic images.
Materials and Methods: A magnetic resonance imaging system phantom, con-
taining multiple compartments with standardized T1, T2, and proton density
(PD) values; 10 healthy volunteers; and 12 patients with multiple sclerosis were
scanned using the 3D-QALAS sequence with and without CS and conventional
contrast-weighted imaging. The scan times of 3D-QALAS with and without
CS were 5:56 and 11:11, respectively. For healthy volunteers, brain volumetry
and myelin estimation were performed based on the measured T1, T2, and PD.
For patients with multiple sclerosis, the mean T1, T2, PD, and the amount of my-
elin in plaques and contralateral normal-appearing white matter (NAWM) were
measured. Simple linear regression analysis and Bland-Altman analysis were
performed for each metric obtained from the datasets with and without CS. To
compare overall image quality and structural delineations on synthetic and con-
ventional contrast-weighted images, case-control randomized reading sessions
were performed by 2 neuroradiologists in a blinded manner.
Results: The linearity of both phantom and volunteer measurements in T1, T2, and
PD values obtainedwith andwithout CSwas very strong (R2 = 0.9901–1.000). The
tissue segmentation obtained with and without CS also had high linearity
(R2 = 0.987–0.999). The quantitative tissue values of the plaques and NAWM ob-
tained with CS showed high linearity with those without CS (R2 = 0.967–1.000).
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There were no significant differences in overall image quality between synthetic
contrast-weighted images obtained with and without CS (P = 0.17–0.99).
Conclusions:Multiparametric imaging of the whole brain based on 3D-QALAS
can be accelerated using CS while preserving tissue quantitative values, tissue
segmentation, and quality of synthetic images.

Key Words: 3D-QALAS, compressed sensing, magnetic resonance imaging,
parallel imaging, quantitative mapping, synthetic MRI

(Invest Radiol 2021;56: 292–300)

Q uantitative magnetic resonance imaging (MRI) techniques allow
objective rather than the current subjective evaluation.1 Simulta-

neous multiparametric mapping techniques provide tissue property
maps, including T1 and T2 maps, in a single scan, and have attracted
much attention owing to their high acquisition efficiency.2–4 Their clin-
ical feasibility in the evaluation of the brain has been reported in many
studies assessing and characterizing brain conditions, such as multiple scle-
rosis (MS) and brain tumors, as well as brain development.5–9 Rapid myelin
estimation has also been developed on the basis ofmultiparametricmapping
techniques.10,11 These techniques were validated on histology12,13 and com-
pared with other myelin imaging techniques,14,15 and applied to diseases
such as MS and Sturge-Weber syndrome.16,17 From the quantitative maps
acquired in a single time-efficient scanning process, multiparametric map-
ping techniques have the potential to reduce the long MRI time by produc-
ing any of the contrast-weighted images, such as T1-weighted, T2-weighted,
and fluid-attenuated inversion recovery (FLAIR) images.2

In recent years, there has been an increasing interest in improving
the spatial resolution of multiparametric mapping techniques by acquiring
thewhole-brain data in 3D.One of these techniques, namely, 3D-quantification
using an interleaved Look-Locker acquisition sequence with a T2 prep-
aration pulse (3D-QALAS) sequence, has been applied to the brain and
has demonstrated high repeatability and reproducibility both in vivo and
in vitro.18–20 Compared with a 2D acquisition, a 3D acquisition enables
thinner slices, which are contiguous and more amenable to interpolation
in the slice direction. Furthermore, a 3D acquisition with isotropic reso-
lution would allow visualization of the subject from any orientation, en-
abling improved depiction of structures and characterization of the
pathologies. Despite their potential, current 3D quantitative imaging tech-
niques require long acquisition times, thereby limiting its clinical use.

Compressed sensing (CS) is an acceleration technique that re-
constructs images from subsampled data by leveraging the sparsity of
the image.21 Using incoherently undersampled k-space data, CS accel-
erates image acquisition by reducing the amount of data acquired and
filling in unacquired data points in a manner that minimizes the inco-
herent artifacts. Generally, CS and 3D acquisitions are highly compati-
ble owing to the compressibility of the volume data and the increased
incoherence offered in the added spatial dimension. It has been ob-
served previously that utilization of CS in combination with parallel im-
aging (PI), another acceleration technique, could achieve a higher
Investigative Radiology • Volume 56, Number 5, May 2021
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acceleration rate than application of either method alone,22 while pre-
serving the quality of 3D MRI scans.23–27 However, the effects of CS
on quantitative values obtained with multiparametric mapping tech-
niques, including 3D-QALAS, have been largely unexplored.28–30

This study aimed to propose an application of CS combined with
PI to the 3D-QALAS sequence, a multiparametric mapping technique, to
enable the whole-brain 1-mm isotropic T1, T2, and proton density (PD)
quantification and myelin estimation within a span of 6 minutes. We
assessed whether an accelerated acquisition could allow reliable T1,
T2, and PD quantification and myelin estimation while maintaining the
quality of the contrast-weighted images. Furthermore, we also compared
3D-QALAS with and without CS and conventional contrast-weighted
images in patients with MS for assessing lesion quantitative values and
diagnostic image quality.

MATERIALS AND METHODS

Magnetic Resonance Imaging Settings
We implemented an acceleration technique that serially com-

bined CS and data-driven PI to 3D-QALAS according to the procedure
proposed by King et al.31,32 The overview of the procedure is illustrated
in Supplemental Digital Content Figure 1, http://links.lww.com/RLI/
A587 showing a reconstruction based on the serial combination of CS
and PI. K-space datawere first undersampled in a Gaussian random dis-
tribution outside of a fully sampled small area around the center of the
k-space. The standard deviation of the Gaussian random distribution
was set to 0.28, which was determined empirically. The unacquired
points in this step were filled with CS reconstruction to restore uni-
formly undersampled k-space data. This CS reconstruction was per-
formed on each channel of the coil, based on a total variation
sparsifying transform and an iterative nonlinear conjugate gradient
method described by Lustig et al.21 The image from the undersampled
k-space data was reconstructed by using the following formula:

m̂ ¼ argmin ∥Ψm∥1 s:t: ∥Em̂−y∥22≤ε

where m̂ is the reconstructed image,Ψ is sparsifying transform, m is all
the pixel values, y is the acquired k-space data samples, E is coil and
TABLE 1. Sequence Parameters for 3D-QALAS With CS, 3D-QALAS With

3D-QALAS

Parameter With CS Without CS

Acquisition dimension 3D 3D
Acquisition plane Axial
Repetition time, ms 8.6
Echo time, ms 3.5
Flip angle, degree 4
Bandwidth, Hz/pixel 244.1
Field of view, mm 256 � 205 � 146
Matrix 256 � 205 � 146
Interpolated matrix 512 � 410 � 292
Slice thickness, mm 1 (0.5)*
Slice gap, mm —
Parallel imaging (ARC) 2 � 1
Compressed sensing 1.9 —
Acquisition time 5:56 11:11

*Slice thicknesses after zero-fill interpolation.

3D-QALAS, 3D-quantification using an interleaved Look-Locker acquisition sequ
tesian imaging; CS, compressed sensing; FLAIR, fluid-attenuated inversion recovery

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
gradient encoding, and ε is noise standard deviation in y controlling
the fidelity of the reconstruction to the measured data. The maximum
number of CS iteration was set to 10. Finally, PI reconstruction based
on the Autocalibrating Reconstruction for Cartesian imaging method33

restored the rest of the k-space on each coil channel, followed by fast
Fourier transform and sum of squares reconstruction.

A 3-T scanner (Discovery 750w; GE Healthcare, Waukesha,
WI) with a 32-channel head coil was utilized for image acquisition in
the standardized phantom and all the human subjects. To evaluate the
effects of CS on quantitative mapping and tissue segmentation, we have
acquired 3D-QALAS with and without CS for each subject. The se-
quence used a Look-Locker inversion acquisition-based technique
with acquisition parameters shown in Table 1. The imaging parame-
ters were all identical between the 2 acquisitions, except for the in-
corporation of CS acceleration with an undersampling factor of
1.9, corresponding to 53% of the full k-space points. The scan times
for the 3D-QALAS sequence with and without CS were 5:56 and
11:11, respectively. For patient data acquisition, we additionally ac-
quired conventional T1-weighted, T2-weighted, and FLAIR images
for comparison of diagnostic image quality (Table 1).

Phantom Study
A standardized NIST/ISMRM (National Institute of Standards

and Technology/International Society for Magnetic Resonance in Med-
icine) system phantom (High Precision Devices, Inc, Boulder, CO) with
3 layers of sphere arrays was designed to assess a range of specific T1,
T2, and PD values (Supplemental Digital Content Table 1, http://links.
lww.com/RLI/A587).34 Each sphere was filled with either NiCl2 or
MnCl2 dopedwater. Over a period of 1month, this phantomwas scanned
10 times on different days. Moreover, to minimize the effects of motion
on the measurements, the phantom was positioned 30 minutes before
commencement of each scan. The images produced by 3D-QALAS se-
quences were postprocessed using a prototype version 0.45.5 of SyMRI
software (SyntheticMR, Linköping, Sweden) to generate T1, T2, and PD
maps. A spherical volume of interest (VOI) was manually placed at the
center of each sphere on the T1, T2, and PD maps, and the respective
mean values were recorded. To minimize the effects of the artifacts near
out CS, and Conventional Imaging

Conventional

T1WI T2WI FLAIR

3D 2D 2D
Axial Axial Axial
7.7 4500 9000
3.1 122.3 120
11 — —

244.1 162.8 195.3
256 � 218 240 � 240 240 � 240
256 � 218 320 � 224 320 � 224
256 � 218 320 � 224 320 � 224
1 (0.5)* 4 4

— 1 1
2 � 1 2 � 1 2 � 1
— — —
5:45 2:06 2:33

ence with a T2 preparation pulse; ARC, Autocalibrating Reconstruction for Car-
images; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging.
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the edge of the sphere, the spherical VOI was set to 10-mm diameter
within each sphere with an inner diameter of 15 mm.

In Vivo Quantitative Assessment
This study was approved by the local institutional review board.

Ten healthy volunteers (7 men, 3 women; mean age ± standard devia-
tion, 29.7 ± 4.7 years) and 12 patients with relapsing-remitting MS (1
man, 11 women; 42.3 ± 10.9 years) diagnosed using the McDonald
criteria35 were included in the study. Patient characteristics were as fol-
lows: disease duration, 11.3 ± 7.8 years; and median Expanded Disabil-
ity Status Scale score, 1.0 (range, 0–4.5). Written informed consent was
obtained from all the study participants. In addition to T1, T2, and PD
maps as described in the phantom study, SyMRI software was used to
create myelin volume fraction (MVF)maps for each human subject based
on a 4-compartment model.10 To compare the quantitative T1, T2, PD,
and MVF values in vivo, quantitative maps that were derived from
3D-QALAS with and without CS were compared by adopting semiauto-
mated VOI analyses proposed byHagiwara et al.36 In brief, 16 VOIswere
automatically created in the Montreal Neurological Institute space and
registered to each subject's space using the FMRIB Software Library
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).37 Of the 16 VOIs, 8 were gray
matter (frontal, parietal, temporal and occipital GM, insula, caudate, pu-
tamen, and thalamus) and 8werewhite matter (frontal, parietal, temporal,
and occipital WM, genu and splenium of the corpus callosum, internal
capsules, and middle cerebellar peduncles). Circular ROIs with a diame-
ter of 5 mm were manually placed by a neuroradiologist with 6 years of
experience (S.F.) in the anterior horns of the lateral ventricles. The ROIs
were carefully placed so as not to include the brain parenchyma or the
choroid plexus. To topologically show the differences in T1, T2, and
PD values obtained with and without CS, the difference divided by their
mean on a group level in the Montreal Neurological Institute space was
calculated in a voxelwise manner.

For 3D-QALAS data with and without CS, voxelwise T1, T2,
and PD values were used to derive the following tissue fraction maps:
WM, white matter; GM, gray matter; and CSF, cerebrospinal fluid frac-
tion maps.38 By integrating the tissue fraction maps across all voxels,
the following tissue volumes were calculated: WM volume, GM vol-
ume, CSF volume, myelin volume, and intracranial volume. The effects
of CS on the tissue fraction maps obtained with 3D-QALAS were eval-
uated by comparing those obtained with and without CS.

To compare the quantitative values of the plaques and
normal-appearing white matter (NAWM) of MS patients obtained with
and without CS, VOI analysis was performed. A neuroradiologist (S.F.)
identified plaques that were larger than 5 mm in diameter using all the
available images. A spherical VOI with 4-mm diameter was placed on
each plaque and contralateral NAWM to measure the mean T1, T2,
PD, and MVF values (see Supplemental Digital Content Figure 2,
http://links.lww.com/RLI/A587, an example of spherical VOI place-
ment in a patient with MS).

In Vivo Qualitative Assessment
To evaluate the effects of CS on image quality, all patient images

were blinded and independently assessed by 2 neuroradiologists (C.A.
and S.K.) with 10 and 6 years of experience, respectively. The evalua-
tion was performed with at least 4 weeks of washout period between
reading sessions to minimize the recall bias. The images were pre-
sented in a random order in 3 sessions during which each reader
was presented only once with each case per session from one of
the following 3 datasets: 3D-QALAS with CS, 3D-QALAS without
CS, and conventional contrast-weighted image dataset. For 3D-QALAS
datasets, the following contrast-weighted images were generated using
SyMRI software: T1WI, T1-weighted images; T2WI, T2-weighted im-
ages; FLAIR, fluid-attenuated inversion recovery images; DIR,
double-inversion recovery images; and PSIR, phase-sensitive inversion
294 www.investigativeradiology.com
recovery images. TR, TE, and TI used for image synthesis were virtually
set as follows: T1WI, 650/10/− milliseconds; T2WI, 4500/100/− milli-
seconds; FLAIR, 15,000/75/3000 milliseconds; DIR, 15,000/100/
3600 milliseconds; and PSIR, 6000/10/500 milliseconds, respectively.
The conventional contrast-weighted image dataset consisted only of
T1WI, T2WI, and FLAIR images.

For each contrast-weighted view, the overall image quality and
visibility of brain structures (how easily the margins and structures of
an anatomic region can be detected) were rated on a 5-point Likert
scale, which was defined as follows: 1, unacceptable; 2, poor; 3, accept-
able; 4, good; and 5, excellent. The structures included the central sul-
cus, head of the caudate nucleus, posterior limb of the internal capsule,
cerebral peduncle, and middle cerebellar peduncle.39 Conspicuity of
plaques was also rated by using the same 5-point Likert scale. Further,
readers recorded whether any of the following artifacts were present in
each image: truncation and ringing artifacts, motion artifacts, aliasing
artifacts, chemical shift artifacts, and any other artifacts (eg, spike noise,
banding, and blurring).40 Readerswere providedwith a free text column
to record any other observations.

Statistical Analysis
All statistical analyses were performed on R program version

3.5.1 (R Core Team [2018], R).41 Simple linear regression analyses
were performed for each quantitative metric obtained from the datasets
with and without CS. ABland-Altman analysis was performed to assess
the agreement and biases between themetrics derived from 3D-QALAS
with and without CS. Agreement of categorical data between readers
was assessed using Kendall's coefficient of concordance. The overall
image quality and structural delineations for each contrast-weighted im-
age were compared among 3D-QALAS with and without CS and con-
ventional images using the pairwise Dunn-Bonferroni post hoc test
when therewere significant differences in the Friedman test. Agreement
of overall image quality between 3D-QALAS with and without CS was
assessed using Kendall's coefficient of concordance. A P value of less
than 0.05 was considered statistically significant.
RESULTS

Phantom Study
The temperature of the phantom immediately after the scan was

19.6°C ± 0.4°C. The T1, T2, and PD values that were measured using
the data acquired with CS showed strong linear associations with the
values acquired without CS (R2 = 0.999, 0.993, and 0.996, respectively;
see Supplemental Digital Content Figure 3, http://links.lww.com/RLI/
A587: Scatterplots and Bland-Altman plots comparing T1, T2, and
PD values). The linear fits had slopes of 0.99 for T1, 0.90 for T2,
and 1.0 for PD, and the intercepts were 8.3 milliseconds for T1,
15.2 milliseconds for T2, and −0.1% for PD. The mean biases for T1,
T2, and PD were −3.3 milliseconds, 9.6 milliseconds, and −0.3%, re-
spectively. The 95% agreement limits for T1, T2, and PD were
−30.0 milliseconds to 23.5 milliseconds, −114.5 milliseconds to
133 milliseconds, and −2.5% to 1.9%, respectively.

In Vivo Quantitative Assessment
Figure 1 shows representative T1, T2, and PD maps and tissue

fraction maps of the brain obtained from a healthy volunteer using
3D-QALAS with and without CS. The relative difference of T1, T2,
and PD values obtained with and without CS are shown in Figure 2.
The difference was very small on the brain parenchyma, whereas T2
values on the brain surface tended to be smaller when using CS. Repre-
sentative quantitative maps, tissue fraction maps, and contrast-weighted
images of an MS patient created from data acquired by 3D-QALAS
with CS are shown in Figure 3. Figure 4 summarizes the agreement
of the T1, T2, PD, and MVF values between the data acquired with
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Representative quantification maps and tissue fraction maps of a healthy volunteer. Axial images of T1, T2, and PDmaps, and segmentation
results for white matter, gray matter, cerebrospinal fluid, and myelin volume fraction. Minimal differences are observed between the maps obtained
with and without CS. PD, proton density; CSF, cerebrospinal fluid; MVF, myelin volume fraction; CS, compressed sensing.

Investigative Radiology • Volume 56, Number 5, May 2021 Compressed Sensing for 3D-QALAS
and without CS in different brain regions. The linearity of measure-
ments in T1, T2, PD, and MVF values obtained with and without CS
were very strong (R2 = 0.990–0.998). The T1, T2, and PD values of
the CSF with CS were 4216 ± 45.6 milliseconds, 1997 ± 7.3 millisec-
onds, and 101% ± 3.2%, respectively, whereas the mean T1, T2, and
PDwithout CSwere 4181 ± 36.0milliseconds, 1998 ± 3.9milliseconds,
and 98.2 ± 2.9, respectively. Figure 5 shows the agreement of the tissue
fraction volumes that were calculated using 3D-QALAS with and with-
out CS. The tissue segmentation obtained with and without CS also
showed a high linearity (R2 = 0.987–0.999).

A total of 140 plaques were analyzed in 12 patients with MS.
Supplemental Digital Content Figure 4, http://links.lww.com/RLI/
A587 shows 3D scatterplots comparing the quantitative properties of
the plaques and NAWM; a clear differentiation of the plaques and
NAWM using quantitative values was observed regardless of the appli-
cation of CS. Figure 6 shows the linearity and biases of T1, T2, and PD
values of the plaques evaluated from the images obtained with and
FIGURE 2. Images show relative differences in T1, T2, and PD values between
values acquired with CS minus those without) divided by their mean on a grou
and blue indicates larger and smaller value with CS than without, respectively

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
without CS. The quantitative tissue values of the plaques and NAWM
obtained with CS showed a high linearity with those obtained without
CS (R2 = 0.967–1.000).

In Vivo Qualitative Assessment
Representative examples of synthetic contrast-weighted images

of 3D-QALAS with and without CS are presented in Figure 7. Another
representative case of MS is presented in Supplemental Digital Content
Figure 5, http://links.lww.com/RLI/A587 (a representative example of a
patient with MS shown in reformatted sagittal views). Because the
interrater agreement between the 2 readers was high, with Kendall's co-
efficient of concordance of 0.82, the pooled overall image quality and
structural delineation, that is, the results of the 2 readers, were simulta-
neously used for further analysis. Figure 8 shows the overall image
quality and structural delineation of contrast-weighted images scored
on a 5-point Likert scale. On Friedman test, therewas no significant dif-
ference in the overall image quality of T1WI among the examined
with and without CS. Maps were calculated by subtraction (quantitative
p level. Different metrics (rows) and sections (columns) are shown. Red
.
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FIGURE 3. Representative quantitative maps, tissue fraction maps, and contrast-weighted images of a multiple sclerosis patient created from data
acquired by 3D-QALASwith CS. All images are reformatted in 3 directions. Note that all of these maps are acquired in a single scan. WM, white matter;
GM, gray matter; CSF, cerebrospinal fluid; MVF, myelin volume fraction; T1WI, T1-weighted images; T2WI, T2-weighted images; FLAIR, fluid-attenuated
inversion recovery images; DIR, double-inversion recovery images; and PSIR, phase-sensitive inversion recovery images.
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datasets (ie, 3D-QALAS with CS, 3D-QALAS without CS, and con-
ventional contrast-weighted images) (P = 0.17). Pairwise Dunn-Bonferroni
post hoc test revealed that the overall image quality of the synthetic im-
ages acquired with T2WI and FLAIR sequences, with and without CS,
was significantly lower than that of the conventional images (P < 0.001).
No significant differences were present between the synthetic images
with and without CS for all contrast weightings (P values for T2WI,
FLAIR, DIR, and PSIR were 0.53, 0.98, 0.99, and 0.99, respectively).
Overall image quality between 3D-QALAS with and without CS
across all contrast-weighted images showed high agreement with
Kendall's coefficient of concordance of 0.83. Among the target
structures examined, there were no significant differences between
contrast-weighted images acquired with and without CS for all con-
trast weightings.

Truncation artifacts were seen in 4.2% (3/72) of the conventional
contrast-weighted images, 5% (3/60) of 3D-QALAS–acquired images
with CS, and 3.3% (2/60) of 3D-QALAS–acquired images without
CS. Parenchymal-CSF interface hyperintensities39,42,43 were found in
8.3% (5/60) of the 3D-QALAS–acquired images with CS and without
CS (8.3%; 5/60). None of the images exhibited a global ringing artifact,
296 www.investigativeradiology.com
which is known to be associated with CS.44 No artifacts were noted in
conventional contrast-weighted images.
DISCUSSION
The long acquisition times of quantitative MRI have made the

procedure suboptimal for routine clinical practice. Although faster im-
aging is desirable, assuring reproducible quantitative values and suffi-
cient image quality is a prerequisite for utilization in clinical
settings.45 Hence, to address both these issues and evaluate the perfor-
mance of quantitative MRI, we have implemented CS acceleration for
high spatial resolution multiparametric imaging by 3D-QALAS; we
also assessed the quantitative values and tissue segmentation perfor-
mance with and without CS acceleration. The accelerated acquisition
protocol of 3D-QALASwith CS enabled isotropic, 1-mm,multiparametric
imaging of the whole brain in less than 6 minutes, while maintaining the
tissue quantitative values and segmentation quality. This technology can al-
leviate the problem of long MRI scanning times and provide objective in-
formation of the brain to supplement the contrast-weighted imaging
commonly used in clinical settings.
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. Scatterplots and Bland-Altman plots comparing T1, T2, PD, and MVF values of 16 brain regions of 10 volunteers and 12 patients with MS,
which were calculated from 3D-QALAS with CS compared with those calculated without CS. Solid black lines in the scatterplots represent the linear
regression fit, and the center solid lines in the Bland-Altman plots represent mean differences. The upper and lower dotted lines represent the agreement
limit, whichwas defined as themeandifference ± 1.96� SDof the difference between the values acquiredwith andwithout CS. SD, standard deviation.
PD, proton density; MVF, myelin volume fraction.

Investigative Radiology • Volume 56, Number 5, May 2021 Compressed Sensing for 3D-QALAS
The relaxometry parameters and tissue volumes obtained with
3D-QALAS with and without CS showed a high agreement with both
in vitro and in vivo settings. The bias caused by the presence or absence
of CS was estimated to be approximately 0.99% (mean difference of
9.9 milliseconds divided by 1000 milliseconds), 0.24% (mean differ-
ence of 0.19 milliseconds divided by 80 milliseconds), 0.49% (mean
difference of 0.34% divided by 70%), and −1.7% (mean difference of
−0.33% divided by 20%) for T1, T2, PD, andMVF, respectively, which
is sufficiently small. The robustness of the quantitative value could be
attributed to the fact that the center of the k-space, which dominates
FIGURE 5. Scatterplots and Bland-Altman plots comparing GM, WM, CSF, m
calculated from 3D-QALAS acquired with and without CS. The center solid lin
upper and lower dotted lines represent the limit of agreement, which is defined
acquired with and without CS. SD, standard deviation, WM, white matter; GM

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
the contrast, was fully sampled. Acceleration with CS was effective
for high-resolution imaging with 3D-QALAS, partly because the propor-
tion of high-frequency components, which have a high undersampling ra-
tio, increases as the resolution increases. Although only small differences
were observed between values obtained with and without CS, the differ-
ences in T2 were noticeable on brain surfaces and ventricular walls.
This may be due to partial volume effects: the T2 value was forcefully
calculated using Bloch equation supposing a monoexponential behav-
ior, but the relaxation behavior in these regions is expected to be
multiexponential.
yelin, and intracranial volumes of 10 volunteers and 12 patients with MS,
es in the Bland-Altman plots represent mean differences, whereas the
as the mean difference ± 1.96� SD of the difference between the values
, gray matter; CSF, cerebrospinal fluid.
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FIGURE 6. Scatterplots and Bland-Altman plots comparing T1, T2, and PD values of plaques and NAWM calculated from 3D-QALAS acquired with and
without CS. The solid black lines in the scatterplots represent the linear regression fit, and the center solid lines of the Bland-Altman plots representmean
differences. The dotted lines represent the agreement limit, which was defined as the mean difference ± 1.96 � SD of the difference between the
measurements with and without CS. SD, standard deviation; CS, compressed sensing; PD, proton density; MVF, myelin volume fraction; NAWM,
normal-appearing white matter.
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The overall image quality of contrast-weighted images acquired
with 3D-QALAS in patients was maintained with the combination of
CS. However, the image quality of the synthetic T2-weighted and
FLAIR images, either with and without CS, was inferior than the corre-
sponding conventional images. This difference in image quality has
been observed in published literature,39,42 whereas another study ap-
plied deep learning to improve the image quality of synthetic FLAIR
FIGURE 7. Representative contrast-weighted images of a multiple sclerosis pa
that were obtained with and without CS. CS, compressed sensing; T1WI, T1-w
inversion recovery images; DIR, double-inversion recovery images; and PSIR, p

298 www.investigativeradiology.com
images.43 It may be possible to reduce artifacts by creating synthetic
contrast-weighted images directly from the original source images,
bypassing the quantitativemaps.46 In the current study, parenchymal-CSF in-
terface hyperintensities were observed in both synthetic FLAIR images
with and without CS. Although this artifact did not affect the delinea-
tion of MS plaques (P = 0.33), it may mimic certain pathologies involv-
ing the meninges, such as subarachnoid hemorrhage and meningitis.
tient. Minimal differences are seen between the contrast-weighted images
eighted images; T2WI, T2-weighted images; FLAIR, fluid-attenuated
hase-sensitive inversion recovery images.

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 8. Visual assessment of contrast-weighted images generated from 3D-QALAS with and without CS and conventional imaging for patients with
multiple sclerosis. Overall image quality and structural delineation scored on a 5-point Likert score by 2 neuroradiologists are shown. T1WI, T1-weighted
images; T2WI, T2-weighted images; FLAIR, fluid-attenuated inversion recovery images; DIR, double-inversion recovery images; and PSIR, phase-sensitive
inversion recovery images; NA, not applicable.
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Although this artifact was readily recognizable by its distinctive
appearance and by confirming the lack of such artifact on other
contrast-weighted images, additional imaging of conventional FLAIR
may be still desirable. The partial volume effect may explain the reason
for lower P values when comparing the T2-weighted images obtained
with and without CS than other contrast-weighted images. Although
there were no indications that the application of CS made lesions less
visible in the reading sessions, the appearance may be slightly different
for T2WI and should be interpreted with caution.

Scan time reduction with CS may enable the incorporation of
high spatial resolution multiparametric imaging in routine clinical set-
tings. The rapid acquisition of relaxometry parameters in 6 minutes is
comparable to our routine 3D T1WI structural imaging protocol, which
requires 4 to 5minutes. This approach could be particularly effective for
pediatric and preoperative imaging, wherein multiple contrast images
are needed in a short time.

Traditionally, visual and quantitative assessments have required
independent scans, resulting in very long examination times, making
them difficult to use simultaneously in clinical practice. The present
study showed that 3D-QALAS combinedwith CS provides information
required for both visual and quantitative assessment. For example, scan
times for MS lesions and other lesions would be shorter, allowing for
more objective clinical management.

The inherent alignment of the maps is a significant advantage of
multiparametric mapping techniques. It has been shown that brain seg-
mentation with synthetic T1WI strongly agrees with image segmentation
obtained with conventional 3D T1WI.19 Reliable morphometry metrics
with relaxometry parameters would translate this segmentation to reliable
VOI data to detect small differences in local tissues; this will further pave
the way for combined evaluation of morphometric and quantitative
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
values.47 Further, image postprocessing, including deep learning, could
be performed without the need for image resampling or registration.43,48

However, simultaneous acquisition of spin parameter maps could also be
problematic because all themapswould be degraded if motion corruption
occurs at any point during the acquisition. To mitigate this complication,
current developments in motion detection or correction49 could be incor-
porated into the 3D-QALAS technique in the future, in addition to the
further acceleration of acquisition time.

The generalizability of our study results is subject to certain lim-
itations. For instance, we did not compare CS to a standard PI tech-
nique, and we have used a fixed undersampling factor in this study.
This was chosen based on a preliminary study with a phantom. Al-
though a study that iterates multiple undersampling factors by small
steps to explore the highest undersampling factor with tolerable degrada-
tion in quantitative values and image quality would be of tremendous in-
terest from the point of viewof engineering, it was not feasible to perform
such a study on human subjects. Second, the phantom measurements
were not verified by conventional quantitative mapping methods, such
as variable flip angle gradient echo scan and Carr-Purcell-Meiboom-
Gill sequence. Third, this study only included a single group of patients
with MS. Relatively young adults, in whom MS is frequently seen, tend
to be cooperative during MRI examinations. The results may not be gen-
eralizable to patients with other movement disorders and to older patients
who may not be cooperative during MRI examinations. Hence, to mimic
actual clinical scenarios, inclusion and evaluation of patients with move-
ment disorders and elderly patients may further demonstrate the effective-
ness of applying CS to 3D-QALAS.

In conclusion, isotropic 1-mm multiparametric imaging of the
whole brain based on 3D-QALAS can be performed in less than
6 minutes using CS, while preserving tissue quantitative values, tissue
www.investigativeradiology.com 299
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segmentation, and contrast-weighted image quality. The image quality
of T2WI and FLAIR was inferior to that of conventional contrast-weighted
images, and additional conventional imaging may be selected. This
technique would further facilitate the use of quantitative imaging in ac-
tual clinical settings.
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