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A B S T R A C T

Purpose: To provide whole brain grey matter (GM) to white matter (WM) contrast enhanced T1W (T1WE)
images, multi-echo quantitative susceptibility mapping (QSM), proton density (PD) weighted images, T1 maps,
PD maps, susceptibility weighted imaging (SWI), and R2* maps with minimal misregistration in scanning
times< 5 min.
Methods: Strategically acquired gradient echo (STAGE) imaging includes two fully flow compensated double
echo gradient echo acquisitions with a resolution of 0.67 × 1.33 × 2.0 mm3 acquired in 5 min for 64 slices. Ten
subjects were recruited and scanned at 3 Tesla. The optimum pair of flip angles (6° and 24° with TR = 25 ms at
3T) were used for both T1 mapping with radio frequency (RF) transmit field correction and creating enhanced
GM/WM contrast (the T1WE). The proposed T1WE image was created from a combination of the proton density
weighted (6°, PDW) and T1W (24°) images and corrected for RF transmit field variations. Prior to the QSM
calculation, a multi-echo phase unwrapping strategy was implemented using the unwrapped short echo to un-
wrap the longer echo to speed up computation. R2* maps were used to mask deep grey matter and veins during
the iterative QSM calculation. A weighted-average sum of susceptibility maps was generated to increase the
signal-to-noise ratio (SNR) and the contrast-to-noise ratio (CNR).
Results: The proposed T1WE image has a significantly improved CNR both for WM to deep GM and WM to
cortical GM compared to the acquired T1W image (the first echo of 24° scan) and the T1MPRAGE image. The
weighted-average susceptibility maps have 80 ± 26%, 55 ± 22%, 108 ± 33% SNR increases across the ten
subjects compared to the single echo result of 17.5 ms for the putamen, caudate nucleus, and globus pallidus,
respectively.
Conclusions: STAGE imaging offers the potential to create a standardized brain imaging protocol providing four
pieces of quantitative tissue property information and multiple types of qualitative information in just 5 min.

1. Introduction

Fast three-dimensional (3D) gradient echo (GRE) [1–4] imaging has
been widely used for producing whole brain T1 weighted (T1W) and
proton density weighted (PDW) images. Using multiple flip angles
(FAs), it can be used to create T1 and PD maps over and above the usual
T2* maps when multi-echo data are collected. These images provide
essential anatomical and quantitative information of brain tissues for
studying various neurodegenerative diseases [5–12]. In addition, the
visualization of tissues with different susceptibilities (e.g. cerebral
veins, microbleeds, and calcification) in GRE data can be enhanced

using susceptibility weighted imaging (SWI) [13,14], through the uti-
lization of the phase information [15–24]. Furthermore, quantitative
susceptibility mapping (QSM) can be generated to quantify local sus-
ceptibilities in a geometry and orientation independent fashion
[25–29], with the ability to differentiate iron from calcification
[26–31]. Moreover, multi-parametric and quantitative magnetic re-
sonance imaging (qMRI) approaches such as DESPOT [32,33], synthetic
MRI [34–37] and MR fingerprinting [38,39] show the current interest
of quantifying T1, proton density and T2*.

However, these various qualitative and quantitative images are
normally acquired in separate scans which lead to a long scanning time
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and possible image misregistration. Furthermore, the T1W image from
a GRE sequence with a single flip angle (FA) yields limited grey matter
(GM) and white matter (WM) contrast and has inherent image in-
homogeneity from both the RF transmit (B1t) and receiver coil signal
response variations (B1r). Insufficient GM/WM contrast and RF in-
homogeneity increase the complexity of automatic brain structure
segmentation from T1W images [40–42]. Nowadays, the inversion re-
covery prepared T1W, Magnetization Prepared Rapid Acquisition of
Gradient Echoes (T1MPRAGE), is preferred over a conventional GRE
sequence without any magnetization preparation to get improved T1
contrast. As it employs a smaller FA, T1MPRAGE could have more B1t

inhomogeneity than the GRE which uses a large FA. Finally, QSM at
longer echo times (TE) can suffer from phase aliasing although data
from long echo times are more sensitive to small changes in suscept-
ibility. Therefore, we propose to also use short TE for better quantifi-
cation of susceptibility when high iron content is present even though
the signal-to-noise ratio (SNR) may be less than the results from a
longer TE.

To address these problems, and to develop a rapid imaging protocol
to provide whole brain coverage, we introduce a STrategically Acquired
Gradient Echo (STAGE) imaging approach to create T1W images, PDW
images, T1 map, PD map, R2* map, SWI, true-SWI (or tSWI) images
[43], enhanced T1W contrast (T1WE) between GM and WM and im-
proved multi-echo QSM data (ME-QSM). In STAGE Part II, a novel T1
mapping and RF transmit and receive field correction method using two
flip angles is presented. In this paper, STAGE Part I, we introduce the
enhanced T1W contrast and multi-echo data acquisition and calculation
for ME-QSM.

2. Material and methods

2.1. STAGE concepts

STAGE includes two double-echo GRE scans employing a pair of
optimal flip angles, one being smaller than the Ernst angle of WM and
the other larger than the Ernst angle, to produce PDW (FA = 6°) and
T1W (FA = 24°) images, respectively. As shown in many studies
[32,33,44–47], two optimal flip angles can be used to quantify whole
brain T1 and PD. In our study, the two short echoes in each scan are
used for the T1 and PD mapping after RF field correction, which is
introduced in the STAGE Part II paper. All four echoes are used to create
a T1WE image with enhanced GM/WM contrast and improved image
homogeneity by subtracting the B1t corrected PDW image from the T1W
image for both short and long echoes. Then the two T1WE images are
averaged to generate the final T1WE image with improved GM/WM
contrast-to-noise ratio (CNR), SNR and image homogeneity. The four
echo times are optimized to provide the best ME-QSM reconstructions.
All echoes are fully flow compensated by nulling the zero- and first-
order gradient moments for each echo independently [48]. Both SWI
and tSWI can be generated from the second echo of the low flip angle
scan. Furthermore, one can also use the SWI and tSWI generated from
the first echo for thrombosis detection [23,49]. R2* maps are generated
from each of the flip angle images and then averaged.

2.2. Theory and simulations

For an ideal steady-state RF spoiled GRE data acquisition, the ac-
quired signal as a function of flip angle (θ) is given by the well-known
Ernst equation,
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where ρ0 is the proton density, E1=e−TR/T1, E2=e−TE/T2∗
, TR the

repetition time, TE the echo time, and T1 and T2* the longitudinal and
transverse relaxation times. As known from Eq. (1), an FA smaller than
the Ernst angle of WM gives a PDW image whereas an FA larger than
the Ernst angle gives a T1W image. However, the contrast between GM
and WM given by one FA is restricted by the intrinsic T1 ratio of GM
and WM. Since there are images with two FAs, novel contrast can be
obtained by a combination of the data. One such approach is to subtract
the PDW image (or a scaled version of it) from the T1W image. The GM/
WM CNR from Eq. (1) can be written as:
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where SWM,GM are signal mean values for WM and GM on a given re-
gion, σ0 is the image noise standard deviations (SD) that common to
both tissues WM and GM, θ is the FA, and the symbol || represents
taking the absolute value. If an image is created by the subtraction of
two signals, the σ0 would be replaced by σ2 0. Therefore, the GM/WM
CNR of the subtraction between two signals with different FAs (θ1,θ2)
from Eq. (1) can be written as:
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To confirm the expected CNR increase by the subtraction, we per-
formed the simulation for Eqs. (1)–(3) with the following parameters
from the literature [22]: TR = 25 ms, TE = 7.5 ms, PDGM = 0.84,
T1GM = 1600 ms, T2⁎GM = 66 ms, PDWM = 0.68, T1WM = 900 ms and
T2⁎WM = 50 ms. WM and GM images were generated across FA from 1°
to 90° respectively. For a theoretical simulation of Eqs. (1)–(3), we did
not add noise for the simulated WM and GM signals, instead we use
σ0=1 for each simulated signal. SWM, SGM, CNRgre and CNRsub were
plotted as a function of FA (Fig. 1). The θ2 for a given θ1 was given by
holding θ1 fixed and searching for θ2 from 1° to 90° in order to max-
imize CNRsub using Eq. (3). From the simulation, the CNRsub is larger
than the CNRgre at each FA.

On the other hand, as demonstrated in Deoni's study [50], the
precision of whole brain T1 mapping by two FAs can be described by
the product of the dynamic range (DR) of the regression line and the
fractional signal of the points (FS), given by:
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where θE is the Ernst angle of WM with given TR and T1. The study
proposed that the optimum T1 precision will be achieved when the

Fig. 1. Simulation of signal variation and CNR as a function
of flip angle. (a) SWM and SGM are given by Eq. (1). (b)
CNRgre is from Eq. (2) and CNRsub is from Eq. (3). The si-
mulation uses σ0=1 for each signal. The CNRsub is larger
than the CNRgre at each FA with the given imaging para-
meters. The maximum CNRsub is achieved at θ1 = 4°,
θ2 = 24°.
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DR × FS is maximized. However, the pair of FAs for maximizing T1
precision (DR × FS) may not be the same with the pair of FAs max-
imizing the contrast between GM and WM (CNRsub). We propose the
optimum pair of FAs for the two purposes of STAGE, increasing GM/
WM contrast and maximizing T1 precision, will be achieved when the
sum of CNRsub and DR × FS is maximized. The CNRsub, the DR × FS
and the sum of them were plotted using 2D contour plots (Fig. 2) based
on the previous described simulation. Any pair of FAs sitting in the 90%
of the maximum summed value (the highest contour on Fig. 2c) can do
the desired job for STAGE purposes. The maximum CNRsub was
achieved at θ1 = 4°, θ2 = 24°. The maximum DR × FS was achieved at
θ1 = 6°, θ2 = 33°. The maximum sum of them was achieved at θ1 = 5°,
θ2 = 26°. Since an FA = 6° has a better image SNR than an FA = 4°,
and an FA = 24° has a lower Specific Absorption Rate (SAR) than
FA = 33°, we use θ1 = 6°, θ2 = 24° for in vivo studies (squares on

Fig. 2c).
Including the effects of RF inhomogeneity, the complete GRE signal

can be written as:
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where k represents the deviation from B1t field non-uniformity and bias
the B1r field variation. Both k and bias are position related. Therefore, a
given tissue may exhibit different signal intensity at different positions
because of B1r and B1t spatial variations. It can be determined from Eq.
(5), that an FA smaller than the Ernst angle of WM suffers more B1t field
variation than an FA large than the Ernst angle. We define the T1WE
image by the linear subtraction (LS) between the higher flip angle and
the corrected lower flip angle as:

= ′ − ′S S θ TE λ S θ TE( , ) ( , )T WE n n1 2 1 (6)

where θ1=6o provides a PDW image, θ2 = 24° provides a T1W image,
λ=1/kα, with k the extracted B1t field variation, α is a constant and
TEn is the nth echo. Since both scans are double-echo scans, the final
T1WE image is given by the average between the two T1WE images
calculated from Eq. (6) using the first and second echoes.

To demonstrate this point and determine the constant (α) for gen-
erating T1WE, we performed a simulation for Eqs. (5), (6) using the
same parameters of the previous simulation and with k ranging from
0.6 to 1.3. The B1r field variation (bias) was ignored during the simu-
lation as it is often corrected by the manufacturer. The signal intensity
at the two selected FAs and the signal for the T1WE as a function of k
were plotted for WM and GM respectively (Fig. 3). From the simulation,
both WM and GM suffer more B1t field variation on the PDW (FA = 6°)
than the T1W (FA = 24°) across different k values. The T1WE image
generated form Eq. (6) with α=1.2 presents a flat signal across dif-
ferent k values.

Fig. 2. Contour plots of the CNRsub, DR × FS and the sum of them as a function of θ1 and θ2 to determine the two FAs for STAGE. For CNR purposes (a), the optimum angles are θ1 = 4°,
θ2 = 24°. For T1 precision (b), the optimum angles are θ1 = 6°, θ2 = 33°. We use θ1 = 6°, θ2 = 24° (squares on c) for in vivo studies which are sitting in the 90% region of the maximum
value of the sum. Values on a, b and c were normalized to 0 to 1.

Fig. 3. Simulation of signal intensity as a function of k for
WM (a) and GM (b). PDW and T1W are from Eq. (5) with
bias = 1. The PDW suffers more inhomogeneity than the
T1W for both GM and WM. T1WE is from Eq. (6) with
α=1.2 which has a more uniform signal than PDW and
T1W across k values.

Table 1
STAGE imaging parameters for 3T.

Axial DE PDW Axial DE T1W

FOV (mm) × Phase FOV 256 × 75%
Scanning matrix 384 × 144
Slice thickness (mm) 2.0
Voxel size (mm3) 0.67 × 1.33 × 2.0
Number of slices 64
Slice oversampling 12.5%
TR (ms) 25
TE (ms) 7.5/17.5 8.75/18.75
FA (degree) 6 24
Pixel BW (Hz/pixel) 240
Flow compensationa Yes
Acc. factor (GRAPPA) 2
TA (min:sec) 2:29 2:29

a Yes means full flow compensation in all three orthogonal directions.
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2.3. In vivo data acquisition and data processing

Ten healthy volunteers were recruited and the study was approved
by the local Institutional Review Board with written consent from each
volunteer obtained prior to the scan. All scans were performed on a
Siemens Verio 3T scanner (Siemens Healthcare, Erlangen, Germany)
with imaging parameters described in Table 1. The total scan time for
the two scans was 5 min. For comparison purposes, an additional
T1MPRAGE scan was acquired at the same time for all subjects with the
same imaging parameters as STAGE scans for spatial resolution, parallel
imaging acceleration and slice locations. With TR = 1200 ms,
TE = 2.82 ms, FA = 9°, and BW/pixel = 180 Hz/pixel, the T1MPRAGE
scanning time was 1 min and 40 s. The ‘Pre-scan normalize’ option
provided by the vendor was used for all scans to correct B1r field var-
iations.

An in-house program was developed using MATLAB (MathWorks,
Natick, MA) to process the data and generate all results automatically.
The whole data processing workflow is shown in Fig. 4.

The T1, PD and k maps were calculated from the two first echoes
using the proposed method described in the STAGE Part II paper. After
correcting for the transmit field variations, the resulting PDW image
was subtracted from the T1W image for each of the two echoes and the
two T1WE images were averaged. A constant was added to the T1WE
image to avoid negative values. SWI and tSWI were generated from the
second echo of the 6° scan. R2* maps were calculated using the two
echoes for each scan, then averaged.

The four echo times of 7.5 ms/17.5 ms from the 6° scan and
8.75 ms/18.75 ms from the 24° scan were chosen specifically for use in
our ME-QSM reconstruction approach. With the phase images at 7.5 ms
unwrapped using the quality guided 3D phase unwrapping algorithm
(3DSRNCP) [51], the 1.25 ms increase in TE (ΔTE) from the 6° to the
24° scan makes it possible to avoid aliasing and unwrap the phase
images at 8.75 ms rapidly given by:
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where φuw is the unwrapped phase, φ is the original phase at each echo
and [] is the rounding operator. After that, phase images with an ef-
fective TE of 16.25 ms are created by adding the two unwrapped phase
images of 7.5 ms and 8.75 ms to unwrap those at 17.5 ms. Finally, the
phase images at 18.75 ms can be unwrapped using the unwrapped
phase images at 17.5 ms using Eq. (7). A brain extraction tool (BET)
[52] was used to generate the brain mask and this mask was adjusted
further using the phase image quality map [53] which removes regions
with rapid phase changes. The masked phase images at each echo time
were processed using Sophisticated Harmonic Artifact Reduction for
Phase data (SHARP) [54] to remove the background field and then QSM
images generated for each echo using the truncated k-space division
algorithm [55]. The R2* map calculated from the two echoes in the 6°
scan is used as an additional geometry mask for deep GM and veins

Fig. 4. STAGE data processing workflow. The calculations for T1 map, PD map and k map are introduced in STAGE part II.
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during the iterative QSM calculation. In iterative QSM, a geometry
mask of the veins and grey matter structures is generated by thresh-
olding the original QSM image with a threshold = 0.15 ppm. Then
another geometry mask is generated from the R2* map with a thresh-
old = 0.05 s−1 to further improve the accuracy of the geometry mask
for deep GM structures and major veins. After the QSM data are ob-
tained for each echo, a combined QSM is generated thorough weighted
averaging of all single echo QSM images to improve the SNR of the final
QSM image. The averaging weights are given by Eq. (8), where Mn and
TEn are the magnitude image intensity and echo time of each echo.

=
∑ =

Weight
M TE

M TE
*

( * )n
n n

n n n

2 2

1
4 2 2 (8)

To evaluate the improvement of the T1WE image compared to the
T1W image (the first echo with FA = 24°) and the T1MPRAGE image,
the CNR of WM to deep GM and WM to cortical GM were measured for
all ten subjects. For each subject, three region-of-interests (ROI) were
drawn on the T1WE image at the middle slice showing putamen and
caudate nucleus. These ROIs were then copied to the same slice of the
T1W image and the T1MPRAGE image using SPIN-LITE software (MR

Fig. 5. Comparison of T1W, T1MPRAGE and T1WE images. Histograms for T1W (a), T1MPRAGE (b) and T1WE (c) are plotted on the axial images (left image in each row). As is evident
from the histograms, the T1WE image has better GM/WM separation compared to T1W and T1MPRAGE images.
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Innovations, Detroit, USA). The ROIs chosen were: ROI1 = the WM
area on the right side of the genu of the corpus callosum without in-
cluding any GM or visible blood vessels; ROI2 = the right-side pu-
tamen; ROI3 = the cortical gyri beside ROI1. Images were zoomed four

times to draw the ROI on the cortical gyri more precisely. ROI1 re-
presents WM, ROI2 represents deep GM and ROI3 represents cortical
GM. The CNR between two tissues given by Eq. (2) was calculated on
each image of T1W, T1MPRAGE and final T1WE respectively. The SD of
ROI1 (the WM ROI) was used as the image noise SD (σ0) for T1W,
T1MPRAGE and T1WE, since the SD for T1WE was measured on the
resultant T1WE image. Measured CNRs were expressed as mean ± SD
over all the ten datasets. One-way ANOVA followed by the Tukey-
Kramer post hoc test was performed to compare T1W to T1WE, and
T1MPRAGE to T1WE for WM to deep GM and WM to cortical GM, re-
spectively. Here p < 0.05 was considered significant and p < 0.005
highly significant.

To demonstrate the improvement in image homogeneity on the
T1WE image compared to the T1W image and the T1MPRAGE image,
the histogram of the same slice for the CNR measurement was plotted
on BET extracted brain images along with the sagittal view and coronal
view of the axial images.

To evaluate the quality of the weighted-average QSM image com-
pared to the single echo QSM image with TE = 17.5 ms, SNR and CNR
of putamen (PUT), caudate nucleus (CN) and globus pallidus (GP) were
measured using manually drawn ROIs on the right-side (Sr) and left-side
(Sl) structures at the same slice location which was also used for mea-
suring magnitude image CNR. The QSM image has major susceptibility
variations in the basal ganglia structures, while the WM has relatively
more uniform susceptibility. Using SD from each ROI for QSM SNR and
CNR calculation gives the fact that there could be some spatial variation
in the images is an over-estimate of the true SD. Therefore, the mean

Fig. 6. Comparison of acquired T1W (first row), T1MPRAGE (second row) and T1WE (third row) images on a healthy subject at different slice locations. Images at each row have the same
window and level. The T1WE image has better GM/WM contrast and in-plane/through-plane image homogeneity after correcting for the RF transmit variations using the extracted k-map
(fourth row) than either T1W or T1MPRAGE images.

Fig. 7. CNR comparison between T1W, T1MPRAGE and T1WE images. The proposed
T1WE image has a significant CNR increase compared to T1W and T1MPRAGE images on
both WM to deep GM and WM to cortical GM. Measured CNRs using Eq. (2) with σ0 from
the WM ROI are presented as mean ± SD across the ten datasets.
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(SWM) and SD (σWM) of the WM ROI was used to provide the back-
ground signal and image noise SD for the QSM images. The SNRQSM and
CNRQSM are defined by:

= +SNR S S
σ

( )
2QSM
r l

WM (9)

= + −CNR S S S
σ

( ) 2
2QSM

r l WM

WM (10)

Finally, the SNR and CNR increases for weighted-average QSM
compared to single echo QSM were plotted for each structure across the
ten datasets.

3. Results

The RF corrected T1WE image showed clear GM/WM contrast im-
provement not only at the top of the brain and for the basal ganglia
structures but also for GM/WM in the sulci as well (Fig. 5 and Fig. 6).
This is well demonstrated in the histogram profile showing a clear se-
paration in signal for the WM and GM after RF correction (Fig. 5c)
compared to that from the T1W (Fig. 5a) and T1MPRAGE (Fig. 5b)
images. The T1WE images also showed improved homogeneity in the
partition direction where the T1MPRAGE had rather large variations at
the beginning and ending slices (Fig. 6 slices 10, 13 and 53 on the
T1MPRAGE row). The measured CNRs on the T1WE image were
13.7 ± 4.2 and 23.5 ± 5.4 for WM to deep GM and WM to cortical
GM, compared to the T1W images which were 4.9 ± 1.8 and
17.9 ± 4.0 and the T1MPRAGE images which were 1.4 ± 0.8 and
15.7 ± 4.3. As shown in Fig. 7, the T1WE image has significant CNR
improvement compared to the T1W image (p = 0.0001 and
p = 0.0159) and the T1MPRAGE (p = 0.0001 and p = 0.0021) both
for WM to deep GM and WM to cortical GM.

Using the proposed phase unwrapping algorithm, it took only 14 s
to unwrap all four echoes, compared to 47 s using the 3DSRNCP un-
wrapping algorithm for each echo on the same computer. All pixels
were unwrapped correctly on all datasets (Fig. 8). The weighted-
average susceptibility maps have 80 ± 26%, 55 ± 22%, 108 ± 33%
SNR increases for the ten datasets compared to the single echo result of
17.5 ms, and 80 ± 36%, 59 ± 29% and 108 ± 37% CNR increases
for the PUT, CN, and GP, respectively (Fig. 9).

A STAGE case with all resulting images is shown in Fig. 10.

4. Discussion

The multi-parametric and qMRI approaches have great potential for
studying various neurodegenerative diseases. With the proposed STAGE

Fig. 8. ME-QSM and unwrapped phase images from a 27-year-old male volunteer. The weighted-average final QSM (the right image at the end of the first row with dark background) has
improved CNR and SNR compared to those from the individual echoes. The second row represents the unwrapped phase using the unwrapping method discussed in the text. The
calculated phase at TE = 16.25 ms is shown as the last image in the second row.

Fig. 9. QSM SNR and CNR changes after performing the weighted-average relative to the
TE = 17.5 ms echo. SNR and CNR were measured using Eqs. (9), (10) in which the image
noise SD was from the WM ROI.
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imaging approach, one can acquire whole brain information in a few
minutes including: PDW images, T1W images, T1WE images, T1 map,
PD map, R2* map, SWI, true SWI, and improved ME-QSM data. When
there is no magnetic resonance angiography (MRA) scan performed, an
approximate MRA can be generated using the first echo of the 24° scan
since this echo is fully flow compensated. It shows sufficient in-flow
effect for major arteries such as the internal carotid arteries and middle
cerebral arteries. The fact that these two scans are acquired rapidly
helps to reduce misregistration artifacts. The preliminary results ac-
quired on ten healthy subjects did not show obvious motion between
scans, and image registration was not necessary. The enhanced contrast
in the T1WE images should improve the ability of current automatic
segmentation algorithms since the conventional T1MPRAGE are nor-
mally the primary images used in this process. In this study, the mea-
sured CNR for WM to deep GM demonstrated this point that the T1WE
images have much better CNR than T1MPRAGE because the deep GM
region (at the center of the image and slice locations) has the highest k
value around 1.2. This is also the reason that the measured CNR for WM
to deep GM on T1MPRAGE is very small (Fig. 7). The signal intensity of
putamen is close (or even higher for some subjects) to the WM region.
Whereas the T1W image from a large FA (close to TR at 3T) scan usually
has less B1t effect than an image with a small FA.

The increased GM/WM contrast on the T1WE is from the subtrac-
tion of the two signals the high flip angle data having WM brighter than
GM and the low flip angle data having WM darker than GM. The choice
of angles is quite flexible if the only condition is to remain within the
90% maximum range. We chose 6° to keep the SNR of the low flip angle
as high as possible and 24° to keep SAR effects minimal. Slightly large
FAs would increase the SNR in the image a little bit but at the expense
of higher SAR.

The four echo times used in these two scans proved valuable in
avoiding phase aliasing and reducing phase unwrapping times.
Generally, a phase image with a shorter echo time is easier to unwrap
than a longer echo time as the latter normally has more phase aliasing

than the former. For some cases with high iron content or hemorrhage,
a longer echo time can lead to artifacts on QSM and in this case it can be
out-performed in terms of image quality using the short echo time of
7.5 ms [49,56]. Furthermore, the short echo of 7.5 ms itself can be used
for SWI and QSM for thrombosis, cerebral microbleeds and hemorrhage
cases [23,26]. The proposed weighted-average ME-QSM compared to
the single echo result also has an increase in both SNR and CNR. The
SNR and CNR increases are both from the increased susceptibility va-
lues for basal ganglia structures and decreased image background noise
SD from the weighted-average. There is also a constant phase term
present that is extracted by complex dividing the two times of the un-
wrapped phase at 8.75 ms by the unwrapped phase at 17.5 ms and then
subtracted from the phase of all echoes. The lower FA data provides a
magnitude image with only slightly suppressed CSF and this leads to a
better delineation of veins in the SWI data than the larger FA data.

There are a few limitations in this study. First, the effects of motion
and misregistration of the two FA data sets were not considered, al-
though this can be handled with motion correction when necessary;
second, two FA data can be used to generate not only T1 and PD maps
but also simulate other types of contrast, although our T1WE images
have theoretically better contrast than any single FA simulated data;
third, the T1 mapping using two FAs could fail for some pathological
cases with enlarged ventricles or with extra-large space-occupying le-
sions; and fourth the reconstruction time was prolonged due to the four
different echoes for the QSM reconstructions, although this is partly
compensated by the rapid phase unwrapping approach used here.
Finally, although STAGE provides for the creation of various image
contrasts, from a clinical perspective it is important to collect either a
T2W image or a T2-FLAIR image and a diffusion weighted image. With
these last two scans included in the protocol, the total scan time at 3T
would be roughly 9 min. All images are set to have a spatial resolution
of 0.67 × 1.33 × 2.0 mm3 with 64 slices covering the whole brain
except for the DWI which is usually set to have a resolution of
1.33 × 1.33 × 4.0 mm3 with 32 slices. On the other hand, for various

Fig. 10. STAGE results from a 27-year-old male volunteer acquired in 5 min at 3T including qualitative images and quantitative data. Images a and b are acquired data. All other images
are processed data. Images d, g and h are minimum/maximum intensity projections over 8 slices with an effective slice thickness of 16 mm.
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study purposes and interests, STAGE is flexible with either a higher or a
lower spatial resolution as long as one keeps the resolution parameters,
echo asymmetric ratio and the sampling bandwidth the same for the
two scans. The in-house automatic processing program took 3 min to
generate all the results on a modern laptop which should be further
improved for online reconstruction. Gadolinium based pre- and post-
T1W was not studied in this work. However, we anticipate the same T1
contrast enhancement by the subtraction of two FAs and for the image
inhomogeneity correction by extracted B1t field map.

5. Conclusions

STAGE is a rapid imaging approach producing whole brain quali-
tative and quantitative information including various image contrasts
(T1WE, ME-QSM, as well as traditional T1 weighted and PD weighted
and RF transmit field corrected T1 maps, PD maps, SWI, tSWI and R2*
maps). All these images are acquired in only two scans of 2.5 min each
at 3T covering the whole brain. The standardization of a brain imaging
protocol like STAGE has the potential to provide both qualitative and
quantitative information that should be comparable across manu-
facturers and field strengths in a clinically practical scan time.
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