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ABSTRACT

BACKGROUND AND PURPOSE: Volumetric brain MR imaging typically has long acquisition times. We sought to evaluate an ultrafast
MPRAGE sequence based on Wave-CAIPI (Wave-MPRAGE) compared with standard MPRAGE for evaluation of regional brain tissue
volumes.

MATERIALS AND METHODS: We performed scan-rescan experiments in 10 healthy volunteers to evaluate the intraindividual vari-
ability of the brain volumes measured using the standard and Wave-MPRAGE sequences. We then evaluated 43 consecutive
patients undergoing brain MR imaging. Patients underwent 3T brain MR imaging, including a standard MPRAGE sequence (accelera-
tion factor [R] ¼ 2, acquisition time [TA] ¼ 5.2minutes) and an ultrafast Wave-MPRAGE sequence (R ¼ 9, TA ¼ 1.15minutes for the
32-channel coil; R ¼ 6, TA ¼ 1.75minutes for the 20-channel coil). Automated segmentation of regional brain volume was per-
formed. Two radiologists evaluated regional brain atrophy using semiquantitative visual rating scales.

RESULTS: The mean absolute symmetrized percent change in the healthy volunteers participating in the scan-rescan experiments
was not statistically different in any brain region for both the standard and Wave-MPRAGE sequences. In the patients undergoing
evaluation for neurodegenerative disease, the Dice coefficient of similarity between volumetric measurements obtained from
standard and Wave-MPRAGE ranged from 0.86 to 0.95. Similarly, for all regions, the absolute symmetrized percent change for brain
volume and cortical thickness showed ,6% difference between the 2 sequences. In the semiquantitative visual comparison, the
differences between the 2 radiologists’ scores were not clinically or statistically significant.

CONCLUSIONS: Brain volumes estimated using ultrafast Wave-MPRAGE show low intraindividual variability and are comparable
with those estimated using standard MPRAGE in patients undergoing clinical evaluation for suspected neurodegenerative disease.

ABBREVIATIONS: ASPC ¼ absolute symmetrized percent change; VBM ¼ voxel-based morphometry

Volumetric brain MR imaging is widely used in clinical and
research settings for the evaluation of patients with suspected

neurodegenerative disease. Regional patterns of tissue loss aid in
generating a differential diagnosis and assessing prognosis, and
the identification of regional volume loss is increasingly used as
an outcome measure in trials of potentially disease-modifying
therapies.1-4 Of particular value, the T1-weighted MPRAGE
sequence provides excellent spatial resolution and tissue con-
trast5 but has long acquisition times due to the need to encode a
large number of k-space lines and the added TI required to
achieve the prepared T1-weighted contrast. Unfortunately, long
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scan times can contribute to patient anxiety, motion artifacts,
and nondiagnostic examinations, particularly for motion-prone
elderly patients.6-8

The Wave-Controlled Aliasing in Parallel Imaging (CAIPI;
Siemens) acquisition and reconstruction approach enables up to
an order of magnitude reduction in scan time with relatively pre-
served image quality and clinically feasible reconstruction
times.9,10 The adoption of Wave-CAIPI technology for highly
accelerated imaging in clinical and research studies will be facili-
tated by systematic validation of its use in routine clinical imaging
protocols.11 Wave-CAIPI has been optimized for whole-brain
imaging with MPRAGE in healthy volunteers12 and has demon-
strated potential in accelerating whole-brain volumetric evalua-
tion of healthy volunteers13 but has not yet been systematically
evaluated in a clinical setting.

The purpose of this study was to compare a highly acceler-
ated MPRAGE acquisition based on Wave-CAIPI (Wave-
MPRAGE) with standard MPRAGE in a prospective study of
patients undergoing evaluation for suspected neurodegenerative
disease. This evaluation consisted of the following: 1) assess-
ment of scan-rescan reliability of brain volumes extracted using
each sequence in a small cohort of healthy volunteers; 2) com-
parison of the 2 sequences using automated measures of re-
gional brain volume and cortical thickness in a larger cohort of
patients undergoing evaluation for neurodegenerative disease;
and 3) comparison of the 2 sequences using 6 histopathologi-
cally validated visual rating scales of regional brain atrophy. We
hypothesized that Wave-MPRAGE would be the equivalent to
standard MPRAGE for these quantitative and semiquantitative
evaluations of regional brain volume, despite a 3- to 4-fold
decrease in acquisition time.

MATERIALS AND METHODS
Subjects and Study Design
All components of this study were Health Insurance Portability
and Accountability Act–compliant and underwent approval
by the institutional review board (Massachusetts General
Hospital). We split our study into 2 parts. We first performed
scan-rescan experiments using the standard and Wave-
MPRAGE sequences in a small cohort of healthy volunteers.
We then compared the standard and Wave-MPRAGE images in

a larger cohort of patients under-
going evaluation for neurodegenera-
tive disease.

Scan-Rescan Experiments in Healthy
Volunteers. Ten healthy volunteers
were recruited for scan-rescan experi-
ments to assess the scan-rescan reliabil-
ity of brain volumes extracted using
each sequence. Written informed con-
sent was obtained from all subjects
before MR imaging scanning. All
images were acquired in the same 3T
MR imaging scanner (Magnetom
Skyra; Siemens). Twenty- or 32-chan-

nel multiarray receiver coils were used, with 5 subjects randomly
chosen to be scanned using each head coil. The scan sessions were
divided into 2 parts. Wave and standard MPRAGE sequences
(sequence parameters provided in Table 1) were acquired in a
randomized order during each part of the scan session. The sub-
jects were removed from the scanner and repositioned between
the first and second half of their scan sessions.

Wave-versus-Standard MPRAGE Evaluation in Neurodegenera-
tive Disease. A prospective comparative study of Wave versus
standard MPRAGE was performed at a single institution
from July 2018 to February 2019. Patients undergoing brain
MR imaging as part of the clinical work-up for memory loss
or suspected neurodegenerative disease (n¼ 31) or as part of
a concurrent research study (n¼ 12) were prospectively en-
rolled. From the patients participating in the research studies,
8 (66.7%) were part of a study investigating chronic white
matter disease, 3 (25.0%) were part of a study investigating is-
chemic stroke, and 1 (8.3%) was part of an epilepsy study.
There were no exclusion criteria beyond those for routine
clinical MR imaging. For the 31 subjects undergoing MR
imaging as part of their clinical evaluation, verbal consent
was obtained at the time of MR imaging and written consent
was waived by the institutional review board. For the 12
subjects undergoing MR imaging solely for research pur-
poses, written informed consent was obtained before MR
imaging.

Wave-MPRAGE Sequence
Wave-MPRAGE was implemented using a prototype inver-
sion-recovery prepared 3D gradient-echo pulse sequence12

(Wave-CAIPI; Siemens Healthineers, Erlangen, Germany).
On-line reconstruction was performed using an auto-cali-
brated procedure for simultaneous estimation of the parallel
imaging reconstruction and true k-space trajectory,10 with an
on-line reconstruction time of approximately 60 seconds.
Pulse sequence parameters could not be exactly matched
between the Wave-MPRAGE and standard MPRAGE sequen-
ces due to vendor constraints on the available parameter
options (eg, automated minimization of the TE and echo spac-
ing, absence of a phase oversampling option for the Wave-
MPRAGE sequence) but were optimized to achieve similar

Table 1: Acquisition parameters for standard and wave MPRAGE sequences
Parameters Standard MPRAGE Wave MPRAGE

FOV read (mm) 240 � 240 256 � 256
FOV phase (%) 100 100
Matrix size 256 � 256 256 � 256
Section thickness (mm) 0.89 1.0
TR/TE/TI (ms) 2300/2.32/900 2500/3.48/1100
Flip angle 8° 7°
Acceleration factor
20-Channel GRAPPA, R¼ 2 Wave-CAIPI, R¼ 3� 2
32-Channel GRAPPA, R¼ 2 Wave-CAIPI, R¼ 3� 3

Bandwidth (Hx/px) 200 200
Scan time (sec)
20-Channel 5 min 19 sec 1 min 46 sec
32-Channel 5 min 18 sec 1 min 11 sec

Note::—GRAPPA indicates generalized autocalibrating partially parallel acquisition.
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tissue contrast at the time when the center of k-space was
acquired.

MR Imaging Protocol
For the comparative study of patients undergoing evaluation
for neurodegenerative disease, MR imaging was performed on
1 of 2 clinical 3T MR scanners (Magnetom Prisma or Skyra;
Siemens), using 20- or 32-channel multiarray receiver coils,
depending on the fit and comfort of the patient. All clinical
scans were performed using the “memory loss” protocol of our
institution, which we use for the evaluation of memory loss or
suspected neurodegenerative disease. In addition to the stand-
ard imaging protocol, each scan included a standard MPRAGE
sequence and an ultrafast Wave-MPRAGE sequence. A sum-
mary of the MPRAGE sequence parameters is provided in
Table 1.

Image Evaluation: Quantitative Comparison
The longitudinal processing stream in FreeSurfer (http://surfer.
nmr.mgh.harvard.edu) was used to facilitate automated cortical
segmentation and parcellation of the standard and Wave-
MPRAGE images, with reduced bias for either sequence, follow-
ing the approach outlined in Reuter et al.14,15 The resulting seg-
mentations were inspected for accuracy, but no manual edits
were performed to avoid any observer bias. Regional brain vol-
ume and cortical thickness measurements were then extracted
from the output of the FreeSurfer stream for the standard and
Wave-MPRAGE data (Fig 1). Three cases had gross structural
abnormalities or extensive motion artifacts causing failure of the
FreeSurfer segmentation and were thus excluded from the quan-
titative analysis.

To compare the regional spatial overlap between the sequen-
ces, we coregistered the standard and Wave MPRAGE volumes
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT),16,17 and regional spatial
overlap was compared for 11 different brain regions: frontal,
temporal, parietal, and occipital lobes; brain stem; cerebellum;

cingulate gyrus; hippocampus; insula; cerebral white matter;
and basal ganglia. We also compared the cortical thickness
throughout the 33 gyri included in the FreeSurfer pipeline.
Quantitative comparison was performed using 3 metrics: 1)
estimation of the Pearson correlation coefficient18 comparing
the volume of all brain regions derived from the standard and
Wave-MPRAGE images across the study population; 2) calcu-
lation of the absolute symmetrized percent change (ASPC) of
the volume and cortical thickness measurements derived from
the standard and Wave-MPRAGE images; and 3) estimation of
the Dice similarity coefficient for images obtained using the 2
sequences in each brain region.

The volume (or cortical thickness) ASPC was defined as

ASPC ¼ 100 � jðStandardVolumeÞ � ðWaveVolumeÞj
ð0:5 ½ðStandardVolumeÞ þ ðWaveVolumeÞ� ;

where “Volume” is the mean volume of the brain region of each
subject.14 The same formula was applied for the cortical thick-
ness comparison. The ASPC is a normalized rate for the average
of the volume (or cortical thickness). The ASPC does not con-
sider the signal of the difference, the distribution of the results,
or the order of processing, making it a more robust measure-
ment than a simple percentage. The same formula was used to
compare the volumes in the scan-rescan experiments, though
the same sequence (standard or Wave) was used in the denomi-
nator and numerator. The results are presented with the mean
and SD of the ASPC for the whole population.

The Dice coefficient of similarity compares the regional spa-
tial overlap between the 2 sequences and is calculated as the
following:14,19,20

Dice ðStandard; WaveÞ¼ 2� jStandard \Wavej
ðjStandardj þ jWavejÞ ;

The Dice coefficient is used in the literature to estimate the re-
gional spatial overlap, rather than just the agreement in volumet-
ric values. It gives information on the size and structure of the
analyzed region; consequently, it is a more robust way to evaluate
the similarity between 2 images. The Dice coefficient ranges from
0 to 1, with a value of 1 indicating perfect spatial overlap. The
Dice coefficient can be interpreted similar to the Cohen k coeffi-
cient, as suggested by Zijdenbos et al:21 0.00–0.20, slight agree-
ment; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement;
0.61–0.80, substantial agreement; and .0.80, almost perfect
agreement.

To investigate voxelwise differences in gray and white matter
signal intensity between the standard and Wave-MPRAGE
images, we performed voxel-based morphometry (VBM) analy-
sis of the Wave and standard MPRAGE images acquired in the
10 healthy volunteers who participated in the scan-rescan
experiments. The standard and Wave-MPRAGE images were
analyzed with FSLVBM22 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FSLVBM), an optimized VBM protocol23 performed with FSL
tools.24 Brain extraction and gray matter segmentation were
first performed on the structural images before registration to
the Montreal Neurological Institute 152 standard space using
nonlinear registration.25 The resulting images were averaged

FIG 1. Subject-specific template image with superimposed pial and
gray-white surface outlines (A) and subcortical gray matter (B) gener-
ated by the FreeSurfer longitudinal processing stream. The template
images were generated using the standard and Wave images regis-
tered to one another. The lines representing the pial and gray-white
matter surface FreeSurfer outputs on A and the colors on B are the
results of subcortical gray matter segmentation. The red is the stand-
ard MPRAGE output, and yellow is the Wave-MPRAGE output. The
figures demonstrate the high similarity of the segmentation gener-
ated from both sequences.
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and flipped along the x-axis to create a left-right symmetric,
study-specific gray matter template. All native gray matter
images were then nonlinearly registered to this study-specific
template and “modulated” to correct for local expansion/con-
traction due to the nonlinear spatial transformation. The modu-
lated gray matter images were then smoothed using an isotropic
Gaussian kernel with a signal of 3mm. Finally, a voxelwise gen-
eral linear model was applied using permutation-based non-
parametric testing, correcting for multiple comparisons across
space.

Image Evaluation: Visual Rating of Cerebral Atrophy
Following the approach described by Harper et al,26 we per-
formed visual evaluation of regional brain atrophy according
to 6 histopathologically validated rating scales in the cohort
of patients: 1) the 5-point anterior temporal scale of Davies
et al27 and Kipps et al;28 2) the 5-point medial temporal lobe
atrophy scale of Scheltens et al;29 3) the 4-point posterior at-
rophy scale of Koedam et al;30 and 4) the 4-point orbitofron-
tal, 5) anterior-cingulate, and 6) frontoinsular scales adapted
by Davies et al31 (On-line Fig 1).

Two neuroradiologists (J.C. and M.G.F.L., with 9 and 7 years
of experience, respectively) were trained before performing the
image analyses. To improve the interrater reliability, we selected
standard anatomic landmarks for each scale, and reference
images illustrating examples of each possible score on the scale
were available during the evaluation, as described by Harper et
al.26 The images were anonymized for the pulse sequence infor-
mation and parameters and presented in random order to the
readers. Only the MPRAGE sequences from the patients’ imag-
ing examinations were evaluated.

Statistical Analysis
For the demographic and FreeSurfer data, means and SDs were
calculated for the continuous variables, and percentages were cal-
culated for the categoric variables. Paired t tests were used to
compare the ASPCs and volumes of each cortical region.
ANOVA was used to test the interaction of the head coil used (20
or 32 channels) and results of the segmentation.

For the VBM-style analyses, to test for significant differences in
gray matter signal intensities between the standard and Wave-
MPRAGE images, we performed voxelwise cross-subject statistical
analysis using permutation-based nonparametric inference with
5000 random permutations. The results were considered significant
at P, .05 using cluster-based threshold-free cluster enhancement,32

corrected for multiple comparisons using the family-wise error rate.
For the visual rating of cerebral atrophy scales, we calculated

the absolute difference between the scores obtained from visual
evaluation of the standard MPRAGE and Wave-MPRAGE
images for each brain region. The mean and maximum values of
the difference between sequences was calculated. We calculated
the difference in scores between the sequences (|Standard –

Wave|), and between the readers (|Reader 1 – Reader 2|). We
tested for equivalence of the sequences using a paired two 1-sided
t test, with lower (–D) and higher (D) bounds of �0.5 and 0.5,
respectively, and a 2-sided 95% confidence interval, assuming a
2-sided significance level of 5%.33 The bounds were based on a
previous study that demonstrated clinical relevance of a mean
difference greater than 0.5 comparing healthy controls with
patients with dementia.31 The two 1-sided t test tests whether the
difference between the 2 groups is equivalent to zero and not dif-
ferent from two 1-sided t test zero. We tested whether the mean
difference between the groups is statistically rejected for both the

FIG 2. Barplot summarizing the results of the scan-rescan experiments in 10 healthy volunteers. The graph compares the mean and SD of the
ASPC of the same sequence (ie, Wave compared with Wave, and standard compared with standard). Each sequence was acquired in different
parts of the same scan session (see Materials and Methods for more details). The comparison of the Wave and Standard ASPC was not statisti-
cally different for the brain regions studied using a paired t test.
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1-sided tests, concluding that –D , |Standard – Wave| , D. In
other words, we tested whether the observed effect falls within the
equivalence bounds and it is small enough to consider that the
groups are practically equivalent. All statistical calculations were
performed using R statistical and computing software, Version
3.4.3 (http://www.r-project.org/).

RESULTS
Scan-Rescan Reliability of Standard and Wave-MPRAGE
in Healthy Volunteers
Ten healthy volunteers (28.9 6 7.1 years of age, 9 women) par-
ticipated in the scan-rescan experiments. The scan-rescan reli-
ability of brain volumes extracted using each sequence was
assessed using the ASPC. The mean ASPCs derived from the
Wave and standard MPRAGE images across subjects were not
statistically different in any brain region (Fig 2 and On-line

Table 1). The highest mean ASPCs were in the cerebellum,
where the mean ASPCs for standard MPRAGE were 2.07 6

1.73 and 2.49 6 1.33 for Wave-MPRAGE (P¼ .56). The lowest
ASPCs were in the cingulate cortex, where the mean ASPCs
for standard MPRAGE were 0.52 6 0.54 and 0.81 6 0.88 for
Wave-MPRAGE (P¼ .40). The highest mean difference
between the ASPCs was in the cerebellum, 1.836 1.16, and the
lowest was in the frontal lobes, 0.636 0.40. We did not find an
interaction of the segmentation results with the use of either
the 20- or 32- channel coils (P. .05).

Comparative Evaluation of Standard and Wave-MPRAGE
in Neurodegenerative Disease
Forty-three consecutive adults participated in the clinical com-
parative evaluation of the standard and Wave-MPRAGE
sequences. Demographic information, including age, sex, and

clinical indication for undergoing
MR imaging, are described in Table
2. Of the 43 subjects, 3 (7.0%) were
excluded due to the presence of struc-
tural abnormalities or severe motion
degradation resulting in failure of the
FreeSurfer segmentation. Quanti-
tative evaluation of brain tissue vol-
umes showed excellent agreement
between the 2 sequences, with Dice
coefficients corresponding to almost
perfect agreement for all of the brain
regions evaluated (k ranged from
0.86 to 0.95) (On-line Tables 2 and 3
and Fig 3). The regions with the low-
est mean Dice coefficients were the

Table 2: Clinical characteristics of the patients
Characteristics Total (n= 43) Included in Quantitative Analysis (n= 40)a

Male (%) 27 (62.8%) 25 (62.5%)
Age (median) (range) (yr) 72 (18–86) 70 (18–86)
20-Channel coil (%) 19 (46.3%) 17 (37.8%)
Research study (%) 12 (27.9%) 11 (24.4%)
Study indication
Cognitive impairment 18 (41.9%) 18 (45.0%)
Chronic white matter disease 8 (18.6%) 7 (17.5%)
Parkinsonism 5 (11.6%) 5 (12.5%)
Stroke 5 (11.6%) 4 (10.0%)
Traumatic brain injury 3 (7.0%) 2 (5.0%)
Ataxia 2 (4.7%) 2 (5.0%)
Epilepsy 1 (2.3%) 1 (2.5%)
Mitochondrial disease 1 (2.3%) 1 (2.5%)

a Three subjects were excluded from the FreeSurfer quantitative analysis due to large structural changes and/or
severe motion artifact resulting in failure of the automated FreeSurfer longitudinal processing stream.

FIG 3. Barplot demonstrating the mean and SD of the Dice coefficients over the brain regions evaluated, testing the spatial overlap between
the standard and Wave MPRAGE sequences. All the coefficients demonstrated almost perfect (k . 0.85) overlap.
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cerebellum (0.86 6 0.04), insula (0.89 6 0.02), and occipital
lobes (0.896 0.03).

The Pearson correlation coefficient demonstrated a high
degree of correlation when comparing brain volumes between
the standard and Wave-MPRAGE sequences, ranging from 0.90
to 0.99 (P, .001) (On-line Tables 2 and 3 and On-line Fig 2).
The mean ASPC ranged from 1.4%6 1.5% to 5.8%6 5.1% (On-
line Table 2). The areas with the highest ASPC were the same

areas with the lowest Dice coefficients: left and right cerebellar
hemispheres (with mean ASPCs of 5.4% 6 4.5% and 5.1% 6

3.3%, respectively; and a mean Dice coefficient of 0.86 6 0.04)
and left and right occipital lobes (with mean ASPCs of 5.7% 6

4.1% and 5.8% 6 5.1%, respectively; and a mean Dice coefficient
of 0.896 0.03) (On-line Table 2 and Fig 4). The area with highest
mean Dice coefficient was the brain stem (0.95 6 0.03) with a
mean ASPC of 2.7% 6 4.0%. Similar results were observed for

FIG 4. Barplot demonstrating the mean and SD of the ASPC for the volumes of the studied brain regions. The largest differences were in the
occipital lobes and cerebellar white matter.

FIG 5. Barplot demonstrating the absolute values of the differences in the visual rating scores (mean6 SD) for the Wave MPRAGE and standard
MPRAGE sequences (red bars). Differences between the 2 raters for the standard MPRAGE images (green bars) and Wave MPRAGE images (blue
bars) are also provided. MTA indicates medial temporal lobe.
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the mean ASPC for cortical thickness, ranging from 1.4%6 1.1%
in the left superior parietal gyrus to 4.8%6 4.4% in the right peri-
calcarine gyrus (On-line Figs 3 and 4).The average of total brain
volume was 1095.7 6123.4 mL for the standard MPRAGE and
1077.9 6119.9 mL for the Wave-MPRAGE, which corresponds
to a mean ASPC of 1.666 1.0% (Fig 4).

A VBM-style comparison of the standard and Wave-
MPRAGE images in the healthy volunteers participating in the
scan-rescan experiments revealed significant differences in signal
intensities in the bilateral occipital lobes, cingulate gyri, cerebellar
hemispheres, and hippocampi (On-line Fig 5). These regions cor-
responded to the areas showing the most significant differences
in the ASPC in the brain volume quantitative evaluation (On-line
Table 2).

In the visual rating of cerebral atrophy, the maximum differ-
ence between the atrophy scores for the standard MPRAGE and
Wave-MPRAGE images on any of the rating scales was 1 point.
The average differences between the scores for the standard
MPRAGE and Wave-MPRAGE images are provided in Fig 5.
The highest mean difference was in the frontoinsular scale
(0.40 6 0.5 and 0.44 6 0.5 for the standard and Wave
MPRAGE sequences, respectively). The mean difference in
scores |Standard – Wave| was equivalent to zero for all the
scales (two 1-sided t test P, .05) (On-line Fig 4).

DISCUSSION
This study compared a highly accelerated Wave-MPRAGE
sequence with the standard MPRAGE acquisition for brain vol-
ume assessment. We included an assessment of scan-rescan reli-
ability of the standard and Wave-MPRAGE sequences in healthy
volunteers and a subsequent comparative evaluation of the stand-
ard andWave-MPRAGE sequences in a cohort of patients under-
going investigation of neurodegenerative disease, which included
consecutive MR imaging examinations from both clinical and
research settings. We used different quantitative metrics to com-
pare the sequences: the Pearson correlation coefficient, ASPC,
and Dice similarity coefficient. Each measure provides different
information. The Pearson correlation coefficient demonstrates
the data variation. However, it does not consider the magnitude
of the difference between the 2 datasets, which was evaluated
using the ASPC. The Dice coefficient compares the within- and
between-subject variability, as well as the regional spatial overlap
for different brain regions. In addition to these computed met-
rics, we also included evaluation of the images using a visual rat-
ing scale to determine whether any difference in image quality
using Wave-MPRAGE would impact a radiologist’s visual evalua-
tion of brain volume, which is often an important part of the
patient’s clinical evaluation.

On visual inspection, Wave-MPRAGE images showed greater
image noise than standard MPRAGE, particularly in the central
brain (On-line Fig 1). This is an expected finding as there is less
SNR in the center of the coil in comparison to the periphery, and
the SNR scales with the square root of the acceleration factor, R.12

Several strategies were implemented in a previous technical de-
velopment study34 to minimize both noise amplification and
Wave-specific blurring artifacts. In this prior study, it was noted
that by means of the optimized Wave-MPRAGE sequence, it is

possible to decrease the g-factor by up to 1.10 times with an
acceleration factor of R= 3 � 3. Moreover, a subjective evalua-
tion by multiple raters comparing both sequences, standard and
Wave-MPRAGE, demonstrated comparable image quality
between them.34 In our study, all of the metrics evaluated also
showed high similarity between the 2 sequences, suggesting that
a mild increase in image noise with Wave-MPRAGE had a neg-
ligible impact on quantitative brain tissue segmentation and
qualitative brain volume evaluation. Nevertheless, we acknowl-
edge that the greater noise in the Wave-MPRAGE images may
affect the clinical assessment made by radiologists, which is an
important consideration that should be addressed and further
refined in the translation of Wave-MPRAGE to the clinic. Effort
is currently underway to incorporate postprocessing techniques
such as denoising and image regularization into the pipeline,
which can be tuned to improve the noise in the Wave-
MPRAGE images without incurring excessive spatial blurring.

In our scan-rescan experiments, we did not find a statistically
significant difference in mean ASPCs between the 2 sequences
for any brain region. Furthermore, the mean ASPCs for each
sequence in the scan-rescan experiments were consistently
smaller than the corresponding mean ASPCs between Wave and
standard MPRAGE in the patients undergoing evaluation for
neurodegenerative disorders, attesting to the relatively low intra-
individual variability of brain volumes estimated from the Wave
and standard MPRAGE acquisitions. We subsequently evaluated
Wave-MPRAGE in a clinical population including patients
undergoing evaluation for suspected neurodegenerative disease,
which included a range of both normal and abnormal brain tissue
volumes more representative of what would be encountered in
clinical practice. The correlation coefficients and ASPC for the
brain volume and cortical thickness between the standard and
Wave-MPRAGE sequences in our study were comparable with
those obtained in other studies that performed test and retest
analysis in more homogeneous cohorts composed of healthy vol-
unteers.14,18,35,36 In addition, we demonstrated almost perfect
correlation in our data for the voxel-by-voxel spatial overlap
comparison for all brain regions.14

The test and retest comparison of the FreeSurfer longitudinal
stream was evaluated by Reuter et al14 when the algorithm was
launched, comparing the brain volumes of healthy volunteers
acquired in the same scan session, using the same sequence. The
cortical thickness and volume ASPC results in the article by
Reuter et al were approximately 2%–3% for most brain regions,
similar to our cortical thickness ASPC results. In the brain vol-
ume analysis, we found that most of the regions also had an
ASPC of approximately 2%–3%, except for the occipital lobes
(approximately 5%–6%). Most interesting, the cuneus was the
region with the worst performance in the test and retest analysis
using the cross and longitudinal streams in the original article as
well.14 Given that the visual cortex is one of the thinnest cortical
regions with a high degree of myelination, the lower gray-white
matter contrast in this region could explain the poorer perform-
ance of the FreeSurfer segmentation in this area. Alternatively,
small differences between the Wave-MPRAGE and standard
MPRAGE acquisitions could contribute to the small differences
in brain tissue volumes observed in this study (with ASPC
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ranging from 1.4% to 5.8%, depending on brain region). These
differences are similar to those observed in other studies evaluat-
ing the effect of small changes in the MPRAGE parameters,37

scanner model,38 FreeSurfer version, and operating system,39

underscoring the importance of standardizing the acquisition
and data processing procedures for longitudinal studies.

In our scan-rescan experiments, the mean ASPCs for brain
volumes derived from the standard and Wave-MPRAGE images
were not statistically different. The comparisons performed in the
scan-rescan experiments were different from the comparisons in
the cohort of patients. In this experiment, we compared the
Wave sequence with the Wave sequence and the standard
sequence with the standard sequence, demonstrating high inter-
scan reliability. Moreover, the scan-rescan experiments were per-
formed in healthy volunteers in a more controlled environment,
resulting in fewer artifacts including fewer motion artifacts. The
scan-rescan experiment reinforces the notion that when fewer
variables are present, the differences will tend to be closer to zero.

In the Dice coefficient of similarity comparison of the regional
overlap for different brain regions, the cerebellum had the lowest
score (0.86), though it is still interpreted as almost perfect agree-
ment. We believe that the main reason for the differences found
in the spatial overlap is that FreeSurfer fails to remove the cere-
bellar peduncle and venous sinuses accurately. In On-line Fig 6,
there is an example from one of our cases showing the FreeSurfer
segmentation. The software extends the segmentation to the con-
fluence of the transverse sinuses in this case, leading to inaccurate
segmentation. Additionally, the signal intensities of the cerebellar
white matter and the peduncles are very similar, making the seg-
mentation more difficult. These limitations lead to more errors
and subsequent differences in the Dice coefficient, as noted in
our Results.40

In the visual rating analysis, the mean score differences
between the standard and Wave-MPRAGE sequences were small.
The scales used here have a well-known intrinsic and subjective
variability, with interrater agreement ranging from moderate
agreement to almost perfect agreement in a larger cohort study.26

Therefore, the score differences are more likely related to the
intrinsic variability of the scales than to the sequence used.
Moreover, in the study of Harper et al,26 the differences between
the mean scores of healthy controls compared with patients with
dementia were mostly greater than 0.5. Consequently, differences
inferior to this value (as observed in our study) are unlikely to be
clinically significant. These results suggest that Wave-MPRAGE
could potentially replace standard MPRAGE in clinical brain
imaging protocols, resulting in more efficient use of MR imaging
resources, noting that more validation studies are needed to dem-
onstrate the utility and comparability of Wave-MPRAGE with
standard MPRAGE in aiding the clinical diagnosis of neurodege-
nerative disorders.

This study has several limitations. To prevent selection bias,
we included consecutive brain volumes acquired in the study pe-
riod for volume-loss evaluation. However, a few cases (n¼ 3) had
gross structural abnormalities resulting in failure of the
FreeSurfer segmentation and therefore had to be excluded from
the quantitative volumetric analysis. We have a relatively small
sample size, though our number is still larger than that in many

studies making similar test and retest comparisons.14,36,37 Most of
these studies included healthy subjects, while our cohort included
patients undergoing clinical evaluation for neurodegenerative
disease, increasing the complexity of acquiring the images (eg,
due to greater patient motion). Moreover, we also used strategies
to decrease the error (bias) in the volume evaluations, specifically
the FreeSurfer longitudinal stream. Although the radiologist
observers were blinded to the pulse sequence used, some features
in the images could help in the identification of the sequence.
The image quality of the Wave-MPRAGE and other Wave
sequences has been evaluated in a recently published work34 and
was not formally evaluated here, because the goal of our study
was to evaluate the impact of sequence selection on quantitative
and semiquantitative brain volume estimation.

CONCLUSIONS
Wave-MPRAGE provided reliability similar to that of standard
MPRAGE for regional evaluation of brain atrophy using auto-
mated segmentation of brain tissue volumes, cortical thickness
measurements, and semiquantitative visual rating scales, despite
a 3- to 4-fold decrease in acquisition time. Adoption of Wave-
MPRAGE for volumetric imaging of patients with suspected neu-
rodegenerative disease could provide more efficient use of MR
imaging resources in both clinical and research settings.
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